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ABSTRACT 
Magnesium additions to aluminum enhance strength and hardness, lowering 
density, and improve corrosion resistance. However, during melting and casting 
processes, significant amounts of magnesium are lost due to selective oxidation. 
Preventing these losses would reduce the production cost and improve the quality of the 
final product. 
The effects of various levels of strontium addition on the oxidation behaviour of 
aluminum-magnesium alloy melts were investigated by monitoring sample weight gains 
with time using a thermogravimetric balance at 750 oC. Sample cross-sections have been 
examined in detail using Hitachi S-4700 Field Emission Gun Scanning Electron 
Microscope, and phases formed on the oxide layer and in the alloy morphology were 
identified by EDS, WDS and low angle X-ray diffraction techniques. It was observed that 
in the absence of Sr, the Al-Mg samples gained substantial amounts of weight by 
formation of spinel (MgAlz04) phase at the oxide-metal interface. Samples containing Sr 
had significantly lower weight gains. The drop in total weight gain by Sr additions was 
about 98% in low Mg-containing Al-Mg alloys. This change in oxidation behavior was 
linked to the presence of a Sr-enriched liquid phase undemeath the first formed MgO 
layer, suppressing the formation of spinel crystals. In addition, spherical equilibrium 
shapes are found in the different as-cast and oxidized alloys of AI-Mg-Sr. 
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RÉSUMÉ 
L'addition de magnésium à l'aluminium augmente la resistance et la dureté, 
diminue la densité et améliore la résistance de l'alliage contre la corrosion. Cependant, 
pendant le processus de la fusion et le moulage, une quantité considérable de magnésium 
est perdue à cause de l'oxydation sélective. Il pourrait être possible de reduire le coût de 
production et d'améliorer la qualité du produit final en empéchant les pertes de 
magnésium. 
L'influence du strontium sur l'oxydation des bain fondus des alliages aluminium-
magnesium a été examinée par la mesure du gain de poids à l'aide d'une thermobalance à 
750°C. La surface ainsi que des sections d'échantillons ont été examinées en détail 
utilisant microscope électronique à balayage à effet de champ Hitachi S-4700, et les 
phases qui ont été formées sur la couche d'oxyde et dans la matrice de l'alliage ont été 
identifiés en utilisant les techniques d'EDS, de WDS et de diffraction des rayons X à 
incidence rasente. Il a été constaté qu'en absence de strontium, les échantillons d'alliage 
de Al-Mg ont augmenté substanciellement en poids dû à la formation de la phase de 
spinel (MgAh04) à l'interface de l'oxyde-métal. Les échantillons contenant du strontium 
présentent un gain de poids considérablement inférieur. La reduction du gain de poids 
total était d'environ 98% pour les alliages de Al-Mg contenant une faible quantité de 
magnesium. Ce changement lors de l'oxydation est lié à la formation d'une phase liquide 
riche de Sr en-dessous de la couche de MgO préalablement formée, empéchant la 
formation de cristaux de type spinel. De plus, les formes sphériques à l'équilibre ont été 
trouvées dans les différents alliages moulés et oxydés de AI-Mg-Sr. 
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1. INTRODUCTION 
Oxidation is one of the most important high temperature corrosion reactions. [1,2] 
Oxidation of metals and alloys may occur both in air or highly oxidizing environments, 
and also in low oxygen potential environments. [1,2] Oxidation at either low or high 
temperatures causes loss of materials by the formation of dross during melting processes, 
and results in sorne detrimental effects such as reduction of load-bearing ability of 
structural materials, as weIl as the loss of material during melting and casting. [3] 
Therefore, it is important to know and control the oxidation behavior of materials in a 
certain environment in order to select the most suitable material for a specifie application, 
or reduce the loss of metal during the production process. 
Aluminum-magnesium alloys have useful characteristics such as their corrosion 
resistance to marine atmospheres, weldability, machinability, and bright and eye-catching 
appearance. [4] However, due to its extremely high reactivity, a significant amount of 
magnesium can be oxidized easily during the melting and casting processes. As a result, it 
can be difficult to control the chemical composition of the alloy because of the metal lost 
during the formation of dross. In addition, because of the inclusion content in the melt, 
these oxides may also affect the quality of casting. [4] 
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Many different alloying element additions have been used in order to reduce the 
loss of magnesium during high temperature processing such as melting and casting. Small 
additions of beryllium are especially found to be useful in reducing the oxidation of 
magnesium by forming a protective BeO film on the surface of the alloy. [4-11) However, 
due to its toxic characteristic, significant attention is given to finding a substitute for 
beryllium. 
In this research, the aim is to examine the effect of small additions of strontium 
metal on the oxidation behavior of Al-Mg alloys above their meIting temperature. 
Chapter 2 covers the basics of oxidation, including the kinetic and thermodynamic 
considerations. Different oxidation theories on Al-Mg alloys proposed by several 
researchers are also discussed briefly. The objectives and experimental method used to 
identify the oxidation mechanism are the subjects of the Chapter 3 and Chapter 4. The 
oxidation kinetics results are given in Chapter 5. Chapters 6 and 7 present the 
micro structural studies of both the oxide layer found on Al-Mg alloys and those 
containing strontium, as well as the morphology of AI-Mg-Sr alloys. The discussion and 
conclusions of this work, and the suggestions for future work are given in Chapters 8, 9 
and 10. Lastly, the contribution to original knowledge is given in Chapter Il. 
2. LITERATURE REVIEW 
2.1 METAL-OXYGEN REACTIONS 
Oxidation results from the interaction of metal (M) and oxygen (02) to form the 
oxide M02, and can be written as: 
M(s) + 02(g) = M02(S) (1) 
Although equation (1) chemically appears very simple, there are a variety of 
factors affecting the whole oxidation process, as shown in Figure 2.1, in which aU the 
reaction mechanisms are summarized. 
The first step of the oxidation process is the adsorption of oxygen on the metal 
surface from the environment. Oxide nuc1eates on the surface and grows lateraUy as a 
continuous film, and sorne of the oxygen may also dissolve in the metal. [1-3) These first 
two steps are affected by many factors such as surface orientation, crystal defects at the 
surface, surface penetration and impurities in both the metal and gas. [3) When an oxide 
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film covers the whole surface of the metal, it acts as a protective barrier, and the only way 
for the reaction to proceed is the diffusion of the reactants through this oxide film. 
'----__ ~ __ ~ _ ___'l Adsorption 
_ Metal _ 
1 
T T. . . ·1 Oxide nucleation + growth 
L-.. _______ 0_2_. -....l. Oxygen dissolution 
l Film 1 Scale growth 
Internai oxidation 
Cavities 
Porosity 
Microcracks 
,.--...,------, Microcracks 
Possible molten oxide 
I--...---.:....l--L....----..---'-l phases, oxide evaporation 
Figure 2.1 Different stages of the metal-oxygen reactions. [3] 
In sorne cases porous oxides may forro on the metal surface, or micro cracks may 
be observed due to the growth stresses in the oxide layer. [2,3] In that case, the oxidation 
reactions only occur at phase boundaries. Also macrocracks may expose the alloy to 
Chapter2 Literature Review 5 
direct oxidation, failing to protect the metal from the oxidizing environment. The oxide 
layer may also be volatile or liquid at higher temperatures. (3) 
2.2 THERMODYNAMICS 
If we consider the formation of an oxide according to equation (1), the overall 
driving force for the reaction is the free energy change. Thermodynamically, the oxide 
will form on the surface of a metal or alloy only if the oxygen potential in the 
environment is superior to the dissociation pressure of the oxide in equilibrium with the 
metal. The dissociation pressure of the oxide, also known as the equilibrium oxygen 
pressure, can be determined from the standard free energy of formation of the oxide. [1) 
The driving force, L1G, for the oxidation reaction can be written as: 
L1G = L1Go + RTln aM02 
aM .Pc.0 2) 
(2) 
where L1Go is the standard free energy change of the reaction, a M0
2 
and aM are the 
activities of the resulting oxide and the metal, Pc.Oh is the partial pressure of the oxygen 
gas, R is the gas constant and T is the temperature. The reaction (1) will proceed only if 
L1G is negative. If L1G is positive, the reaction is thermodynamically unfavorable. When 
L1G=o, in that case the system is at equilibrium, and this state allows us to determine the 
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equilibrium oxygen pressure of equation (1), and the standard free energy of this reaction 
becomes: 
o aMD, ~G = - R Tin ----=--- (3) 
Generally, the activity of pure single phase solids is accepted to be equal to 1; 
therefore, equation 3 can be written as: 
~GO 
P = exp --
O2 RT 
(4) 
(5) 
For many oxidation reactions, the standard free energies of fonnation of oxides as 
a function of temperature are plotted and shown on Ellingham/Richardson diagrams, as 
shown in Figure 2.2. The Ellingham/Richardson diagrams are plotted from 
experimentally found ~Go and T for the oxidation, and ~Go of the oxidation reactions are 
based on the standard free energy of fonnation of the oxides per 1 mole of oxygen, such 
as Si + O2 = Si02• The most stable oxide in the diagram has the largest negative value of 
~Go; furthennore, an oxide can be reduced by a metal having a more stable oxide. [Il 
In order to find the equilibrium partial pressure of a metal/metal oxide, a line must 
be drawn starting from the point "0" on the top of the line on the left side of the 
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Ellingham!Richardson diagram, intersecting the ~Go -T tine at the point related to the 
specifie oxidation temperature and extending it to the P02 sc ale whieh indicates the 
corresponding equilibrium partial pressure of the selected metal oxide at this specifie 
temperature. 
The Ellingham!Riehardson diagrams are useful to see whether the oxide formation 
is possible or not under specifie conditions of temperature and oxygen partial pressure. 
However, one should take into aeeount that although the free energy change is the driving 
force for oxidation reactions, there is no relationship between the thermodynamics and 
the kineties of oxidation reactions. As a result, the thermodynamics of metal-oxygen 
systems are not enough to interpret the real-time oxidation reactions. As an example, even 
though the formation of an oxide is thermodynamically possible, it would take a very 
long time for the reaction to be completed. AIso, when an alloy system is considered, the 
formation of more than one oxide is possible; it is then diffieult to prediet whieh oxide 
will form. In order to have a better understanding on the oxidation of metals, a 
eombination of the knowledge of both thermodynamies and kineties of the oxidation 
reaetion is the key to interpret the meehanism of oxidation. 
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Figure 2.2 Ellingham-Richardson diagram illustrating the standard Gibbs energles of 
fonnation of selected oxides as a function oftemperature. [Il, i 
2.3 OXIDA TION KINETICS MEASUREMENT TECHNIQUES 
The first step in obtaining valuable infonnation about the mechanism of oxidation 
is the experimental measurement of the kinetics of oxidation reactions prior to the 
i "M" on an oxidation reaction refers to the "melting point of the metal", and "B" refers to the "boiling point 
of the metal". [1,3) 
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characterization of the oxide layer and other reaction products fonned. Several techniques 
are used to detennine the kinetics of the oxidation process. Among these, the 
thennogravimetric method is the most widely used for gathering kinetic data during the 
high temperature corrosion of metals and alloys. When the oxidation reaction takes place 
on the metal surface, the weight of the metal sample increases with the time. The 
thennogravimetric method measures the weight change during the oxidation process as a 
function of time at a constant temperature. This usually involves the exposure of a 
specifie area of the sample in the hot zone of the furnace under an oxidizing environment, 
and measuring the weight change using a sensitive recording balance. This method is also 
called "isothennal oxidation". The thennogravimetric analysis systems can be equipped 
or modified according to special needs, such as including a vacuum system, or various 
mixed gases to achieve different atmospheres, or connecting the recording balance to a 
computer and gathering the data through special software. 
There are also other methods for measuring the oxidation kinetics of metal-oxide 
systems. These are oxygen consumption measurements by volumetrie and manometric 
methods, the ellipsometric technique based on the interference and polarization effects of 
thin oxide films, the use of solid-state oxygen sensors to determine the equilibrium 
oxygen pressure for metal-oxide systems, and the metallographic technique for measuring 
the scale thickness. 
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2.4 OXIDATION REACTION RATES 
The reaction rates measured using one of the above-mentioned techniques are one 
of the most important sources for revealing the oxidation mechanism. There are several 
factors affecting the reaction rates and the corresponding rate equations for the oxidation, 
such as temperature, oxygen pressure in the environment, surface preparation and pre-
treatment of the metal. The knowledge of oxidation kinetics is a key factor to 
approximate the service life of a metal used at a specifie temperature and environment. 
This section discusses the most generally encountered rate equations. There are 
logarithmic, parabolic, linear, and in most cases, a combination of at least two of these 
oxidation rates. 
2.4.1 Logarithmic Reaction Rates 
When a very thin oxide layer forms on the metal surface at low temperatures 
(below 300-400°C), the oxidation follows either logarithmic or inverse logarithmic 
kinetics. [1-3] The reaction is very rapid at the beginning and slows down with time, as can 
be seen in Figure 2.3. The logarithmic equation is: 
x = Klogt+A (4) 
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and the inverse logarithmic equation is: 
1 
-=B+K'logt 
x 
11 
(5) 
where x is the weight change during oxidation, the thickness of the oxide film, the 
amount of oxygen consumed per unit surface area or the amount of metal transformed to 
oxide; t indicates the time, K and K' denote the rate constants for logarithmic and inverse 
logarithmic processes, and A and B are constants. It is also found difficult to distinguish 
between these two logarithmic rate equations. [1,3] The oxidation stops by reaching a 
maximum film thickness when the oxidation reaction kinetics show logarithmic or 
inverse logarithmic behavior. 
__ ----ï\--
---- \ 
________ -- Inverse logarithmic 
Logarithmic 
O~----~-----L ____ ~ ______ ~ ____ -L ____ ~L-____ ~ __ ~ 
o Time, t 
Figure 2.3 Logarithmic and inverse logarithmic oxidation kinetics ofmetals. [1] 
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2.4.2 Parabolic Reaction Rates 
Parabolic reaction rates take place at higher temperatures. The oxidation weight 
gain decreases continuously with the time, as shown in Figure 2.4(a). This kind of 
oxidation behavior indicates that the diffusion process is rate determining, when diffusion 
of one or more reactants takes place through the compact, adherent formed oxide scale. 
As a result, the oxidation rate is inversely proportional to the oxide thickness. [1,3] This 
equation can be written as: 
-=-
dx Kp 
dt x 
(6) 
After integration, the equation is obtained as: 
(7) 
where Kp is the parabolic rate constant and C is the integration constant. 
2.4.3 Linear Oxidation Reaction Rates 
Linear oxidation rates are observed if the metal surface is not covered by a 
protective scale and so the oxidation rate is constant with time and is independent of the 
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amount of gas or metal previously consumed in the reaction. [1,3] This oxidation behavior 
is shown in Figure 2.4(b). The linear oxidation rate is described as: 
(8) 
and the integration equation is: 
(9) 
where KI is the linear rate constant of the reaction, and D is the integration constant. This 
kind of reaction kinetics is observed when the oxide is volatile or molten, if the scale fails 
or cracks due to internaI stresses, or if a porous and non-protective oxide forms on the 
surface ofthe metal or alloy. 
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Figure 2.4 Parabolic (a) and linear (b) oxidation kinetics ofmetals. [1] 
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2.4.4 Combination of Simple Rate Equations 
In most cases, when oxidation of a metal or alloy is performed experimentally, it 
has been observed that the oxidation reactions follow a combination of the above 
mentioned rates. One of the rates can be dominant at any stage during an oxidation 
experiment, such as at the very beginning or after extended oxidation. That might also be 
found as a result of changes in the nature of the oxide scale. For instance, the combination 
of parabolic and linear oxidation is often observed. 
2.5 SOLID-STATE DIFFUSION IN OXIDES 
Solid-state diffusion pro cesses have an important role in the oxidation of metals. 
The reason for the diffusion is the defects or imperfections in the solids. In case of an 
oxide layer, the mass transfer takes place due to the defect structure of the oxide, and 
oxidation is a result of diffusion of metal ions from the metal surface through the oxide 
layer to the oxidizing environment at the oxide-gas interface, or the diffusion of oxygen 
through the oxide to the metal-oxide interface. Generally speaking, diffusion is the 
random movement of atoms in the lattice structure, when an atom has sufficient energy to 
move or jump to neighboring sites. [1) 
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A crystalline solid oxide always contains lattice defects, such as vacanCles and 
interstitial ions. The way in which an atom diffuses by jumping to a vacant site depends 
on several mechanisms, as outlined below: 
a) Exchange mechanism: This mechanism is described as an exchange of two 
neighboring atoms. However, this ex change of atoms requires greater energy than 
the other mechanisms. As a result, this is not a very common diffusion mechanism 
during solid-state diffusion. 
b) Ring mechanism: In this case the atomic exchange occurs between four 
neighboring atoms in a ring. It was believed that the thermal vibrations are 
sufficient to cause the atoms to jump simultaneously in a synchronized way. 
c) Interstitial mechanism: When the interstitial atom forces the atom at the regular 
site to the nearest interstitial position in order to replace it. 
d) Interstitial atom movement: The movement of an interstitial atom to an adjacent 
interstitial site. 
e) Vacancy mechanism: In this case the atom moves from its regular lattice site to 
the nearest vacant site. 
The tirst two mechanisms occur mostly in perfect crystals, whereas c, d and e may 
take place in imperfect crystals. On the other hand, diffusion may also occur along line 
and surface defects such as grain boundaries, dislocations, cracks, etc. Since the diffusion 
through these easy diffusion paths is faster in comparison with that in the lattice, it is 
generally called short circuit diffusion. [Il 
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Figure 2.5 Various diffusion mechanisms. [Il 
Fick proposed two fundamental equations used to describe most diffusion 
phenomena considering a very simple binary system at a constant temperature and 
pressure, and the movement of atoms in just one direction. This kind of diffusion also 
matches well with the oxide formation on a pure metal. Fick's first law is obtained from 
the fact that the rate of diffusion is proportional to the concentration gradient and is 
described as: 
(10) 
where J is the flux or mass diffusion per second through a unit cross section in the 
concentration gradient (ac) and D is the diffusion coefficient, or the diffusivity in square 
ax 
centimeters per second. 
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The use of Fick's first law to determine the diffusion coefficient is limited by a 
fixed concentration gradient. In order to have an experimentally feasible condition, the 
change in concentration has to be measured as a function of time. In this case, Fick's 
second law is described as: 
(11) 
The diffusion coefficient (D) is highly affected by the temperature. As can be seen 
in equation (12), according to the Arrhenius equation, the diffusion coefficient increases 
exponentially with temperature: 
-Q D = Do.exp(-) 
RT 
(12) 
where Do is the frequency factor constant, which is a function of the diffusing species and 
the diffusion medium, Q is defined as the activation energy for diffusion, R is the gas 
constant and T is the absolute temperature. Higher values of Q indicate that the diffusion 
is faster at high temperatures, and correspondingly slower at low temperatures. [2,12] Other 
factors affecting the diffusion coefficient are the concentration, crystal structure, 
impurities, grain size, short circuit diffusion, porosity, etc. 
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2.6 INITIAL OXIDATION 
This is the first step when the oxygen atom and the metal interact for the first 
time. It is found to be hard to measure the initial oxidation experimentally because at high 
temperatures, the metal-oxide reaction is very fast and that makes the observation almost 
impossible. In order to overcome this problem, experiments about the initial oxidation are 
either conducted at low temperatures, or lower pressures at high temperatures. [1) 
However, it is found that the oxidation kinetics are different under these conditions 
resulting in very low oxidation rates. 
When a c1ean surface of metal is exposed to an oxidizing environment, the initial 
oxidation process can be divided into three stages: 
a) Adsorption of oxygen gas on the surface to form a chemisorbed layer, 
b) Formation of individual oxide nuc1ei which grow laterally and coyer the surface 
to form a continuous oxide layer, 
c) Further growth ofthe oxide film by diffusion through the layer. 
These above-mentioned steps are observed at low temperatures and so allow them 
to be revealed more easily similar to playing a slow motion movie of the whole process. 
The kinetics for the initial oxidation have been found to fit the logarithmic rate. Very thin 
oxide layers formed on the surface of the metal have been analyzed using different 
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analytical techniques such as infrared (IR), electron spm resonance (ESR), X-ray 
photoemission spectroscopy (XPS), low-energy electron diffraction (LEED), and Auger 
electron spectroscopy (AES). 
2.7 THICK FILM FORMA TiaN 
The initial oxidation mentioned in the previous section occurs only if the metal is 
noble or the temperature is very low. When the oxidation at higher temperatures is 
considered, the oxidation reaction and the scale growth process is much faster. [1] The 
main growth mechanism is solid-state diffusion of the reactants and electrons through the 
oxide scale if enough oxygen gas exists at the oxide-gas interface. The diffusion path for 
the reactants increases as the scale thickens, resulting in a decrease in the oxidation rate 
with time. [3] 
There are many different transport phenomena during the solid-state diffusion of 
the reactants, such as diffusion through the lattice, along grain boundaries or other easy 
diffusion paths. [3] During the growth of the oxide scale, porosity, cavities, and cracks due 
to stresses may occur in the scale and they may totally change the oxidation kinetics at 
high temperatures. However, this section will only coyer the oxide scale growth by lattice 
diffusion, and it will be assumed that the scale is dense and continuous, adhering to the 
entire metal surface. This ideal model was proposed by Wagner and is known as the 
Wagner oxidation theory, which contributed to the theoretical basis for the understanding 
and improvement of the oxidation resistance ofmetals and alloys. 
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Wagner's oxidation model proposes that the transport of electrons or diffusion of 
the reactants through the dense oxide scale is rate determining. The main reason for the 
lattice diffusion to occur is the presence of point defects in the oxide structure, and in 
addition to that, the species traveling through the scale may also create new lattice 
defects, such as vacancies, interstitial ions, electrons and electron holes. 
As mentioned previously, the overall driving force for the oxidation reaction is the 
free energy change related to the formation of the oxide. In the same way, there is also an 
oxygen partial pressure gradient present across the scale and this gradient is formed due 
to the activity difference of oxygen at the gas-oxide and oxide-metal interfaces. In this 
case, the oxidation kinetics are usually found to be parabolic with time, and obey the 
following equation: 
ax = k'p!:... 
at x (13) 
where x is the oxide thickness, t is the time and k'p is the parabolic rate constant. The 
integrated form ofthis equation is: 
x
2 
= 2k'p+C (14) 
Although Wagner's theory is a good reference about the high temperature oxidation 
of metals, it is only limited to the oxidation of pure metals by a single oxidant. However, 
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oxidation of alloys under different corrosive environments is a more complex process 
than that of pure metals, and as a result, there are sorne criteria to be considered such as: 
1. different metals have different reactivities and affinities for oxygen, resulting in 
different free energies of formation of the oxides. 
11. a combination of several metal oxides may form (temary or more), 
111. different metals will have different mobilities and diffusivities in the alloy and 
through the oxide scale. 
IV. dissolution of oxygen into the alloy may cause the formation of subsurface oxides 
of one or more alloying elements. 
Metal 
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M = M++ + 2e M++ + 2e + 1/2 O2 = MO 
Figure 2.6 Schematic illustration ofWagner's theory of oxidation. [1-3] 
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2.8 OXIDA TION OF AL-MG ALLOYS 
Magnesium is one of the widely used alloying elements for aluminum, and the 
major alloying element in the 5xxx series wrought alloys. [\3-\6] The magnesium additions 
to aluminum provide high strength, good weldability and corrosion resistance in marine 
environment. For casting alloys, binary Al-Mg alloys were used for different purposes 
requiring a bright surface finish, corrosion resistance and combination of strength and 
ductility. [4] 
The oxidation of aluminum-magnesium alloys studied by several authors will be 
summarized in this section. Various kinds of equipment, temperatures, oxidizing 
atmospheres, shapes and amount of alloying elements have been used to identify the 
oxidation behavior of aluminum-magnesium alloys. AlI these different conditions have 
had an influence on the reaction kinetics and products. As a result, it has been found that 
the oxidation of aluminum-magnesium alloys cannot be based on a single theory, and it 
may give different results according to the experimental conditions. 
Impey et al. [\7] have studied the effect of magnesium on the oxide growth 
morphologies of liquid aluminum alloys using 0 to 5% Mg in the aluminum at 750°C 
under dry air. They have found that the first formed film on aluminum is an amorphous 
alumina, which transforms to crystalline alumina with increasing time and temperature. 
They reported that this transformation from amorphous to crystalline alumina created a 
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volume change and resulted in a local build up of stress. Oxide rupture occurred in weak 
are as and as a result, the melt is exposed to the oxidizing environment, fonning a 
structure ofmetal entrapped in the oxide film called "nodular oxide". [\7] 
When magnesium was present in the melt, Impey et al. found that coarse primary 
magnesia crystals (200-500 nm) were fonned at the oxide-metal interface, and smaller 
(20nm) secondary magnesia crystals were observed inside the first fonned amorphous 
alumina film and generated by the following reaction: 
3Mg + y-A}z03 ~ 3MgO + 2AI (15) 
According to Impey, the oxide fonned on the aluminum-magnesium alloys is a 
duplex film of primary and secondary magnesia and this film protects the melt from 
further oxidation. On the other hand, the fonnation of very large spinel (MgAh04) 
crystals was observed at the oxide-metal interface as a result of the drop of magnesium 
concentration below a critical level. The further growth of the spinel (MgA}z04) crystals 
at the oxide-metal interface favored sorne stress in the oxide film, and as a result, sorne 
localized failure of the oxide scale was observed. Consequently metal exudation through 
the failed areas and the fonnation of nodular growths was a result of the scale failure. 
According to the kinetic studies, this effect also resulted in breakaway oxidation and 
higher weight gains in comparison with the oxidation kinetics ofpure aluminum. [17-\9] 
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Field [20] conducted an extensive literature search on the oxidation of aluminum-
magnesium alloys, based on different experimental results. He reported that two modes of 
MgO formation have been detected using TEM, both the direct formation at the oxide-
metal interface and the secondary reduction ofthe original amorphous layer ofy-Alz03 by 
magnesium, according to the equation 15. These magne sium oxides were called 
"primary" and "secondary", respectively. Field also reported that the oxide film 
composition was a function of the magnesium concentration and it could be predicted at 
the oxide-metal interface as a function of the alloy content, according to the following 
magnesium contents: 
• When XMg ~ 10-2 ; MgO is stable at the oxide-metal interface 
• When 10-6 ::::;; XMg ::::;; 10-2 ; MgAlz04 is stable 
• When XMg ::::;; 10-6; y-Alz03 is stable. [20] 
The oxidation kinetics of an AI-4.2% Mg alloy at temperatures between 400 and 
575°C, and the oxide film formed on the alloy were investigated in detail by Field et 
al.[6, 21] They have found that the reaction kinetics of the alloy were strongly temperature 
dependent under dry air environment, progressing from logarithmic to linear, para-linear 
and pseudo-parabolic with increasing temperature. They believed that the sample surface 
preparation prior to the experiments could be the reason for the different oxidation rates. 
The results they have obtained under wet atmosphere showed that the presence of water 
vapor was found to be beneficial in the early stages of oxidation except at 520°C, at 
which reduced oxidation weight gains were observed with longer exposure times. [6,21] 
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Field et al. also studied the oxide film fonned on the AI-4.2% Mg alloy and they 
observed that during the early stages of oxidation, the oxide film was duplex, consisting 
of both the residual amorphous overlayer decomposed by magnesium and 
microcrystalline MgO. The oxide sc ale consisted of coarse agglomerates of 
microcrystalline MgO with further exposure times. According to their results, they 
suggested an oxidation model for the oxidation of Al-Mg alloys, as shown in Figure 2.7, 
and proposed that at the very beginning of the oxidation process, the first fonned 
amorphous film will cover the surface and the oxidation is controlled by the inward 
diffusion of oxygen. After that, primary MgO nuc1eates at the oxide-metal interface once 
the critical oxygen concentration in the alloy has been exceeded. Field et al. observed that 
the size of the primary MgO was approximately 500 A at 400°C and 2000 A at 520°C. 
Furthennore, these primary oxides grew toward the oxide-oxygen interface. [6,21] 
As the primary MgO grows further, it causes cracking of the duplex layer, and 
faster oxidation kinetics are observed, as shown in Figure 2.7. In that case, It was found 
that the oxidation kinetics were linear in nature, and when the alloy cornes in contact with 
oxygen, a new Mg2+ doped y-Ah03 layer is fonned following further primary MgO 
fonnation at the oxide-metal interface. As a result of the repeated nuc1eation and growth 
of the primary MgO, the oxide film thickens and stacks of MgO are fonned beneath the 
oxide layer. Primary MgO nuc1eation is favored due to the short circuit diffusion paths 
created by the cracking of the top oxide scale. Finally, a corrugated oxide-metai interface 
fonns on top of the alloy. [6,21] 
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Figure 2.7 Oxidation model proposed by Field, Scamans and Butler. [21] 
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Scamans and Butler carried out an in-situ morphological study of AI-5% Mg alloy 
in the ternperature range 400 to 520°C using a hot stage TEM. They observed sorne 
prirnary spinel (MgAlz04) crystals at the oxide-rnetal interface in a thin region of the 
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specimen, as weIl as MgO crystallites having a size of 50 A within the amorphous y-
Alz03 layer. They proposed that the formation of spinel crystals was a result of the inward 
diffusion of oxygen through the oxide layer. [22] 
Rine and Guminsky [5] studied the high temperature oxidation of Al-Mg alloys 
ranging from 0.65 to 7.2% magnesium in both dry and wet atmospheres, in the 
temperature range 440 to 540°C. They found linear oxidation kinetics when specimens 
were oxidized in dry air. Rowever, the total oxidation was lower in wet atmosphere after 
200 hours of exposure. They proposed that this decrease in oxidation kinetics could be 
linked with both the incorporation of hydroxyl ions into the magnesium oxide lattice, 
increasing the volume ratio and helping the formation of a continuous protective film; and 
a protective layer of boehmite may be formed. They also added that the oxidation rate 
was independent of the partial pressure of oxygen, but was dependent on the 
concentration of magnesium in the aIloy. Additionally, they found that in both dry and 
wet environments, the outer layers of oxide were MgO rich due to the diffusion of the 
magnesium ions or vapor to the oxide-gas interface. [5] 
Contrary to the findings of Rine and Guminsky, Cochran and Sleppy [23] found 
that oxidizing a commercial 5052 Al-Mg alloy in moist atmosphere in the temperature 
range 450 to 640°C enhanced the rate of oxidation. They believed that the reason for 
faster oxidation in a moist environment could be the blistering on the oxide surface 
causing the disruption of the oxide film and exposure of the alloy to the oxidizing 
atmosphere. [23] 
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Impey et al. also worked on both the dry and humid atmospheres on the oxide 
scale growth mechanism on liquid aluminum at 750°C. [24] They observed that under a 
humid environment, the oxidation rate was lower even for longer exposure times. 
However, breakaway oxidation was observed in dry air after 5 hours. Impey et al. 
proposed that the reason for the breakaway oxidation was the change in the oxide 
structure and morphology. The change of the oxide film from y-Ab03 to a-Ab03 
produced a 24% decrease in the oxide volume, and due to the stresses, the oxide scale 
failed. On the other hand, they proposed that in a humid atmosphere, the y-Ah03 structure 
was stabilized by the presence of hydroxyl ions, and delayed the transformation of the 
oxide scale. [24] 
Silva and Talbot [25] studied the oxidation of liquid Al-Mg alloys ranging from 1 % 
to 9% Mg at temperatures from 575 to 725°C. They observed that the oxide on the alloy 
was in form of MgO which was in both crystalline and amorphous form. They also 
reported that the amorphous MgO layer previously formed on the alloy was more 
protective in nature than the crystalline oxide scale. According to Silva and Talbot, the 
amorphous MgO transformed into the crystalline MgO, resulting in sorne changes in the 
oxide structure such as the formation of structural defects, e.g. grain boundaries and these 
defects increased the mobility of Mg2+ ions through the scale. As a result, growth stresses 
caused the failure of the oxide layer resulting in breakaway oxidation. [25] 
Chapterl Literature Review 29 
The influence of 10, 50 and 190 ppm magnesium on the oxidation of aluminum at 
temperatures ranging from 250 to 620°C was studied by Nylund et al. [26] They found that 
the concentration of magne sium in the oxide increased with the oxidation time and 
magnesium content in the alloy. AIso, the magne sium was enriched at the metal-oxide 
interface at temperatures up to 350°C; however, magnesium was augmented at the outer 
surface of the oxide above 400°C. They found that magnesium was evaporating at 
temperatures above 500°C, forming a separate MgO phase on the oxide surface. They 
also observed that at 620°C, the surface of the aluminum alloy containing 190 ppm 
magne sium was highly non-uniform, and the XRD and Auger analysis supported that this 
non-uniformity was a result of the spinel (MgAlz04) presence underneath the oxide 
layer. [26] 
Salas et al. [27] conducted research on the kinetics and microstructure evolution 
during the early stages in the directed oxidation of molten AI-2 to 9%Mg alloys. They 
found that heating the alloy above the liquidus temperature results in formation of a thin 
MgO layer, and consequent growth of a spinel (MgAlz04) + metal mixture in a 
temperature range which depends on the alloy Mg content and the heating rate. They 
observed the formation of oxide buds on the surface and aluminum and magnesium were 
detected, characterizing the spinel phase. They proposed that a small lens-shaped nucleus 
of spinel formed at the oxide-metal interface, as seen in Figure 2.8. The spine1 phase 
spread along the melt-oxide interface by MgO dissolution and spinel reprecipitation. At 
the same time, excess magnesium migrates to the oxide-metal interface and regenerates 
most of the MgO. According to Salas et al., the volume change is linked with the oxide 
conversion resulted in an opening gap between the receding MgO and the advancing 
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spinel. Then, the edge of the spinel grew further upward, and the concave shape of the 
buds was formed. Salas et al. added that the spinel formation was terminated by formation 
of a dense spinellayer which sealed off the channels, which is a result of the thinning and 
local break-up of the MgO layer resulting from the spinel growth. [27] 
Alloy ~Spinel ~Oflux 
Figure 2.8 Oxidation model proposed by Salas et al. [27] 
Zayan et al. [28] studied the high temperature oxidation of two Al-Mg alloys 
containing 0.4 and 2% magne sium at 550°C. They observed that the oxide layer was in 
the form of MgO, which was the major constituent, along with spinel (MgAh04). They 
also found that the molar concentration of MgO decreased with increasing depth, while 
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that of spinel increased. They conc1uded that in the case of Al-O.4% Mg alloy, the rate 
controlling mechanism for oxide formation was the solid-state diffusion of magnesium in 
the MgO-spinellayer; on the other hand, for the AI-2% Mg alloy, the growth of the oxide 
layer was controlled by the solid-state diffusion of magnesium through the MgO layer 
and the transport of magnesium vapor across voids formed between the alloy and oxide. 
The Auger spectra obtained from the surface of the AI-2% Mg alloy revealed that up to 
200nm depth, the molar concentration of MgO decreased from 97 to 90%, while the 
spinel concentration increased from 3 to 10%. [28] 
Other research conducted by Zayan et al. [29] on the AI-5% Mg alloy at 550°C in 
dry air revealed the formation of a cauliflower-like morphology on the surface of the 
oxide. They suggested an oxidation model as shown in Figure 2.9. According to this 
model, the reason for the formation of these oxide ridges and nodules was linked to the 
formation of voids at the oxide-metal interface, due to the outward diffusion of 
magnesium resulting in the generation of a vacancy flux toward the oxide-metal interface. 
The short-circuit diffusion locations such as grain boundaries favored the outward 
diffusion of magnesium and the formation of the voids, which grew further and built-up 
stress at the oxide-alloy interface. These growth stresses led the oxide layer to crack, and 
the formation of the MgO occurred by reaction of magnesium vapor and oxygen, 
resulting in a cauliflower morphology on the surface of the alloy. [29) 
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Figure 2.9 Oxidation model proposed by Zayan at 550°C. [29] 
The oxide growth rates, the effect of humidity on the oxidation and the surface 
analysis of a commercial 5041 Al-Mg alloy containing 1.8% Mg were studied by Lee et 
al. [30] at temperatures between 500 and 575°C. They reported that at the beginning of the 
oxidation, magnesium diffused to the oxide phase and reduced the aluminum oxide to 
produce MgO. Theyalso suggested that the reason why a linear oxidation was observed 
during the oxidation in dry air could be linked to the formation of a denser crystalline 
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oxide than the previously fonned amorphous Alz03• In humid air, the presence of 
moisture stabilized the oxide layer at the beginning of the oxidation process, increasing 
the incubation time. However, after the disruption of the oxide layer, the results showed a 
higher weight gain in humid air when compared to dry air. They also found spinel 
(MgAlz04) crystals fonned at the oxide-metal interface after longer exposure times. [30] 
Rault et al. [31,32] worked on the oxidation of an AI-5% Mg alloy at 850°C. They 
first introduced dry air and then after a short period of time they started to introduce 
humid air. They observed that the weight gain was constant in the presence of dry air; 
however, after the introduction of the water vapor, both breakaway and linear oxidations 
were observed. They proposed that the water vapor was absorbed by MgO layer resulting 
in the fonnation of hydroxyl groups, which diffused inward through the oxide layer. 
Consequently, when these hydroxyl groups reached the oxide-metal interface, they 
reacted with molten magnesium to fonn MgO and hydrogen, giving rise to the fonnation 
of hydrogen bubbles beneath the oxide layer. Furthennore, the depletion of magnesium 
resulted in the fonnation of spinel phase at the oxide-metal interface. As a result, growth 
in the bubbles and spinel phase caused the defonnation and cracking of the oxide layer 
and the observation oflinear oxidation rate. [31,32] 
Partington et al. [33] experimentally investigated the self-sustaining air oxidation of 
Al-Mg alloys at temperatures up to 1400°C. They found that the first layer fonned on the 
alloy was MgO, and spinel fonned later from the reactions between MgO and alumina. 
Finally, a limiting condition was reached at which the oxygen diffusion rate in the gas 
phase was sufficient only to oxidize the aluminum vapor at that temperature. [33] 
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The oxidation of a dilute Al-Mg alloy containing 1.2% magnesmm was 
investigated at a temperature range between 200-500a C by Ritchie et al. [34] They 
observed the presence of y-Ah03 at lower temperatures and over 350a C, crystalline MgO 
was observed, followed by the formation of spinel (MgAh0 4). [34] 
Leighly and Alam [35] studied the oxidation oftwo dilute Al-Mg alloys, containing 
500 and 1000 ppm magnesium, respectively at 850 K. They reported that most of the 
magnesium was depleted from the alloys. The spinel (MgAh04) layer appeared in the 
oxide near to the oxide-gas interface, and MgO was also present with increasing depth in 
the oxide. In the case of 1000 ppm Mg alloy, MgO was the predominant compound in the 
oxide. [35] 
Another high-temperature study on the oxidation of two commercial alloys, 
AA5182 containing 4-5% Mg and AA3004 containing 0.8-1.3% Mg at temperatures 
ranging from 450 to 800a C was performed by Ten6rio and Espinosa. [36] They found that 
increasing the temperature increased the oxidation rate of both alloys. X-Ray diffraction 
results from the oxide showed that the reaction product was MgO for the 5182 alloy and 
spinel (MgAh04) for the 3004 alloy. [36] 
Goldstein and Dresner [37] studied the growth of MgO film with high secondary 
e1ectron emission on Al-l % Mg alloy at 450aC. They found that the initial layer on the 
alloy was Ah03. Subsequently, the accumulation of magnesium occurred in the oxide, 
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and sorne of the A}z03 was converted to MgO. The evaporation of magnesium at this 
stage was also observed. Finally, the whole oxide layer transformed to MgO. [37] 
2.8.1 Effects of Trace Additions 
There has always been a strong interest in the effect of trace additions of various 
metals in order to determine the most effective addition to suppress magne sium losses 
during the high temperature oxidation of Al-Mg alloys. Among these trace additions, 
beryllium [4-11] and calcium [6] were found to be the most effective. Just adding a few ppm 
of beryllium has been found to be very effective to reduce the oxidation and magnesium 
losses in Al-Mg alloys. 
Wikle investigated the beneficial effect of trace additions ofberyllium into Al-Mg 
alloys. [9] He reported that small additions (0.001 to 0.005%) of beryllium into Al-Mg 
alloys resulted in the prevention of Mg losses during oxidation by the formation of a 
protective BeO film on the alloy melt. Houska [10] also found that beryllium additions as 
small as 0.005 to 0.05% into aluminum based alloys caused the formation of a protective 
BeO film on the melt surface. She also pointed out that beryllium was also degassing the 
melt due to its high affinity for both oxygen and nitrogen. Beryllium additions were 
particularly effective in preventing the magnesium losses in Al-Mg alloys due to the 
preferential oxidation of magnesium. In that case controlling the magne sium content in 
the alloy was possible. She also suggested that adding the beryllium to the Al-Mg alloys 
should be done prior to the Mg addition. [10] 
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Field et al. also worked on the effect of trace additions of different elements into 
Al-Mg alloys. [6] They observed that beryllium and calcium modified the oxidation 
kinetics and provided an inhibiting effect for Al-Mg alloys. They also reported that at 100 
ppm level of Be, nuc1eation and growth of primary MgO was suppressed and discrete 
platelets of primary BeO were formed on the alloy substrate. When 1000 ppm Be was 
added, the alloy surface was covered completely by BeO, and the reduction reaction 
between Ah03 and magnesium was inhibited. [6] 
Beryllium is a highly toxic metal, causing Berylliosis, which is an irreversible 
lung disease that occurs among workers who are exposed to Be during melting, casting 
and machining processes. [9] Because of this hazardous effect on humans, there is an 
essential need to find another metal to replace beryllium in order to reduce the oxidation 
of Al-Mg alloys. 
2.8.2 Effect of Strontium 
Strontium is a well-known trace addition element in the aluminum industry. 
Binary aluminum-silicon alloys have been extensively used due to their excellent 
properties such as good castability, fluidity and corrosion resistance. [4,38,39] In addition to 
these properties, the strength and ductility of the Al-Si alloys can also be improved by a 
process called eutectic modification, which is achieved through the addition of either 
strontium or sodium. Strontium is widely used as a modifier for the Al-Si alloy system in 
order to change the shape of the eutectic silicon from acicular to fibrous, resulting in 
better mechanical properties and machinability. However, there have also been sorne 
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undesirable effects of strontium modification such as increasing the amount of 
microporosity in the alloy and this increase in microporosity can reverse the positive 
effect of strontium element as a modifier. [38-62] 
A few studies on the effect of strontium on the oxidation behavior of aluminum 
alloys have been done recently. Emadi et al. investigated the oxidation behavior of 
unmodified and Sr-modified A356 alloy at 740°C. [63, 64] They found that strontium 
addition increased the oxidation rate of A356 alloy three times more than the unmodified 
alloy in the first 7 ho urs of oxidation. They also observed that the oxide surface on the 
unmodified alloy was aluminum oxide; however, the oxide layer on the Sr-modified 
A356 alloy consisted of SrAl40 7 and SrAlz04• [63,64] 
Dennis et al. studied the effect of strontium on the A356 commercial alloy as well 
as the synthetic A413 and 5000 series alloys at three different temperatures (700, 750 and 
800°C). They observed a highly protective oxidation rate with the A413 alloy containing 
350 ppm strontium, almost having similar weight gain results to pure aluminum except 
for samples oxidized at 800°C. Furthermore, the formation of a-alumina oxide nodules 
was suppressed even at 800°C. Dennis et al. also reported that sorne strontium containing 
oxides such as SrA407, SrSi03 and SrAlz04 were detected using XRD diffraction. AIso, 
strontium did not accelerate the early oxidation of the A413 alloy. [65] 
In the case of 5000 series alloys, Dennis et al. showed that the total weight gains 
were strongly dependent on the oxidation temperature. It was observed that higher total 
weight gains were obtained with higher temperatures. Furthermore, increasing the 
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temperature decreased the time for the initial incubation period and breakaway oxidation, 
which was followed by a linear oxidation stage and finally a slow oxidation stage. They 
also observed that the top oxide layer which consisted of MgO and spinel (MgAlz04) 
phase was also present in the areas where magnesium depletion took place. [65] Moreover, 
they proposed that the reasons for the breakaway oxidation at higher temperatures could 
be the formation of the spinel crystals at the oxide-metal interface causing cracking of the 
oxide, and the formation of gaseous magnesium pockets beneath the oxide layer, resulting 
in higher weight gains once they are re1eased through cracking of the top MgO layer. 
According to Dennis et al., the oxidation behavior of commercial A356 alloy 
showed a very different oxidation behavior in comparison with the 5000 series 
alloys. [65, 66] They observed a steady growth rate which was decreasing with time. 
Additionally, no breakaway oxidation was reported during the oxidation of commercial 
A356 alloy at 700, 750 and 800°C. This was linked to the low amount of magne sium in 
the alloy (0.35%), and hence no formation of gaseous pockets at the oxide-metal 
interface. 
When 250 ppm strontium was added into the commercial A356 alloy, Dennis et 
al. observed that the total weight gain decreased by almost ten times. They proposed that 
the surface MgO was already formed at the room temperature, and then Sr oxidized 
preferentially with Al and Sr to form SrAlz07 and SrSi03 be10w the first formed MgO 
layer by heating the alloy to the test temperature. As a result, these strontium containing 
oxides prevented further oxidation and the further thickening of the MgO layer. [65,66] 
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In more recent work, Yuen et al. [67,68] investigated the effects of strontium on the 
oxidation behavior of commercial A356, A357 and 5182 aluminum alloys at 700, 750 and 
800c C. They reported that for the 5182 alloy, increasing the oxidation temperature 
shortened the incubation period. Furthermore, 250 ppm strontium addition into the 5182 
alloy delayed the breakaway oxidation at each temperature for over 25 hours, and at the 
end of 60 hours of exposure, strontium addition just slightly reduced the total oxidation 
weight gain of the 5182 alloy. In addition, incubation, rapid oxidation and the 
discontinuation of rapid oxidation stages were observed in both weight gain curves of Sr-
containing and non-Sr containing 5182 alloy. Spinel (MgAh04), which was the only 
phase identified by XRD, was be1ieved to be responsible for the mechanism ofbreakaway 
oxidation. [67,68] 
Yuen et al. also proposed an oxidation mechanism for the 5182 alloy containing 
Sr, in which it was believed that strontium was preferentially oxidized with aluminum and 
silicon to form SrAl40 7 and SrSi03 beneath the first formed MgO. According to Yuen, 
the Sr-containing oxide protected the surface MgO, however, this protection ended due to 
magnesium vapor at the oxide-metal interface resulting in the break-up of the oxide 
layer. [67,68] 
In the case of commercial A356 (0.34% Mg) and A357 (0.52% Mg), the addition 
of strontium significantly decreased the total weight gain of both alloys at three different 
temperatures, as shown in Figures 2.10 and 2.11, respectively. It was reported by Yuen et 
al. that the alloys containing no strontium showed cauliflower-like morphology; on the 
other hand, the alloys containing strontium had a dense and coherent oxide layer on the 
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surface. They also found that when analyzed by XRD, the alloys without strontium 
contained spinel phase; on the other hand, no spinel phase was detected when strontium 
was present in the alloy. Furthermore, it was also observed that strontium additions to 
A356 and A357 alloys signiticantly reduced the oxidation rates for both alloys at aIl test 
temperatures. The reason for this protective behavior was explained with the same model 
described above for the 5182 aIloy, in which they suggested that the formation of SrAl40 7 
and SrSi03 protects the tirst formed MgO layer and further oxidation preventing 
formation of the magnesium vapor build-up at the oxide-metal interface. [67,68] 
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Figure 2.10 Different oxidation curves for the A356 alloy with and without 250 ppm 
strontium. [67,68] 
Chapter 2 
-
N 
Literature Review 
0035 ,------------------;::::;::::::;::::J, 
Without 
0.03 +-________________ --tiSr 
'---, 
5 0.025 -I--------------==-rr ____ --;;;"""----+----I 
-Cl 
-C 0.02 +------------::;~-----:::i .... "--t------I 
'CU 
C) 0.015 +--------~O---:::iiII'OO::----ffliT"€=...t------I 
-.c Cl 
'4) 0.01 -1-------.."...--:>1""=----:;0...-.'------------1 
3: 
o 5 10 15 20 25 30 35 
Time (h) 
41 
Figure 2.11 Different oxidation curves for the A357 alloy with and without 250 ppm 
strontium. [67,68] 
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3. OBJECTIVES 
As mentioned earlier in Chapters 1 and 2, the need for a substitute metal instead of 
beryllium to reduce the loss of magnesium during the melting of Al-Mg alloys has 
obliged researchers to find other elements capable of performing the same purpose. 
Strontium has been widely used in the aluminum industry as a eutectic modifier for Al-Si 
alloys. Moreover, according to previous works at McGill University, strontium has been 
found to be useful in reducing the total oxidation weight gains of sorne liquid Al-Si 
alloys. 
The main objective of this study is to determine the effect of different strontium 
additions on the oxidation kinetics and oxide structure of the aluminum alloys containing 
different amounts of magnesium, and to establish the exact oxidation mechanism. This is 
achieved through a set of thermogravimetric tests for each alloy, gathering the data for 
kinetic observations, and finally a careful and detailed microstructural analysis of the 
oxidized samples to define the mechanism. 
4. EXPERIMENTAL 
4.1 GENERAL 
The experimental procedure followed in this study was planned to lead to a better 
understanding of the effects of strontium on the oxidation behaviour of aluminum-
magne sium alloys. A large number of oxidation experiments were perfonned to meet this 
objective. The main steps of the experimental procedure are shown in Figure 4.1 and 
details about these steps are given in the following pages. 
4.2 SAMPLE PREPARA T/ON AND FABRICA T/ON 
4.2.1 Raw Materials 
High purity aluminum and magnesmm metals were used to fabricate the 
aluminum-magnesium alloys. A 90%AI-10%Sr master alloy was used to achieve the 
intended amount of strontium in the alloy due to its unreactivity compared to pure 
strontium and 90%Sr-10%AI master alloy. The aluminum was in the fonn of 16-kg ingot, 
99.99% pure and was supplied by Belmont Metals, Brooklyn, USA. The magnesium was 
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in the fonn of 3 mm tumings, 99.98% pure and supplied by Timminco Metals, Ontario, 
Canada. The master alloy was in fonn of small ingots and provided by KB Alloys. High 
purity alumina powder used for the fabrication of the alumina crucibles by slip casting 
process was of 99.8% purity and 0.4 micron median partic1e size, and was provided by 
Whittaker Inc., NJ, USA. The detailed chemical compositions of raw materials used to 
make the synthetic alloys are given in Table 4.1,4.2 and 4.3. 
Melting and Alloy 
Preparation 
Spectroscopie Analysis 
of the Alloy 
TCA 
Experiments 
Characterization of Oxide 
Layer (SEM, EDS, XRD) 
Figure 4.1 Flow diagram showing the experimental procedure 
Crucible 
Fabrication 
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Table 4.1 Chemical composition ofthe aluminum metal. 
Elements Analysis in weight % 
Si 0.0006 
Fe 0.0007 
Cu 0.0013 
Mg 0.0021 
Mn 0.0001 
Ti 0.0001 
Zn 0.0002 
Cr 0.0001 
Va 0.0001 
Al 99.99 min 
Table 4.2 Chemical composition of the magnesium metal. 
Elements Analysis in weight % 
Al 0.003 
Zn 0.004 
Mn 0.0023 
Fe 0.0022 
Ni 0.0003 
Cu 0.0002 
Si 0.0020 
Pb 0.0010 
Ca 0.0010 
Sn <0.0010 
Cd <0.0001 
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Table 4.3 Chemical composition of the 90% AI-1 O%Sr master alloy. 
Elements Analysis in weight % 
Sr 9.0-11.0 
Si 0.20 
Fe 0.30 
p 0.01 
Ba 0.10 
Ca 0.03 
Others Total 0.15 
Al Balance 
4.2.2 Melting and Casting 
The aluminum ingots were cut into small cubes with a band saw to fit in the 
graphite crucible. The same process was applied to the 90AI-10Sr master alloy. These 
pieces were wrapped individually in aluminum foil right after being cut. They were then 
individually weighed and their weight was recorded in order to determine the accurate 
amount of master alloy addition into the melt. The alloy compositions used for the 
oxidation experiments are summarized in Figure 4.2. 
A high purity graphite crucible was used for melting and alloy making. The 
graphite crucible was placed in an induction fumace (100 KW, Inductotherm 
Corporation, Rancocas, NJ.), and sand was poured around the crucible to stabilize it in 
the fumace, to avoid the heat losses from the crucible, and also to protect the fumace 
lining in case of leaking from the crucible. The small aluminum pieces were put first into 
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the crucible and the fumace was tumed on. The temperature of the melt was monitored 
using a chromel-alumel K-type thermocouple connected to a Omega HH506R 
thermometer. Once the aluminum metal was completely melted, a pre-prepared package 
of magnesium and 90AI-IOSr master alloy wrapped in aluminum foil was added into the 
liquid metal using a graphite plunger at 750 oC. The plunger was held in the metal for 
about 5 minutes. It was also used to stir the melt. The oxide layer on the melt was 
skimmed using a stainless steel rod and the alloy was then cast into a graphite mold, 
which is shown in Figure 4.3 (a) and the metal rod obtained after casting is shown in 
Figure 4.3 (b). 
1 
Al, Mg, 90AI-lOSr 
Master Alloy 
AI-O.5% Mg Al-l% Mg 
l l 
250ppmSr 250ppm Sr 
500ppmSr 500ppmSr 
1000ppm Sr 1000 ppm Sr 
AI-5% Mg 
l 
250ppm Sr 
500 ppm Sr 
1000ppm Sr 
Figure 4.2 Alloy compositions used for the oxidation experiments. 
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(a) (b) 
Figure 4.3 The graphite mould used to cast the alloys in (a) and the metal rod obtained 
after solidification (b ). 
4.2.3 Machining 
A cylindrical rod was obtained after the solidification of the alloy in the graphite 
mold. The rod was then machined to the dimensions of 28 mm in diameter and 15 mm in 
height. Figure 4.4 shows a machined alloy prior to an oxidation experiment. The diameter 
of the mullite tube in the vertical tube fumace used for the oxidation experiments was 
considered in the selection of the sample diameter. The sample surfaces were ground 
using 400 and 600 grit abrasive SiC grinding paper, respectively, and washed with 
alcohol in order to remove the impurities built up on the surface during the machining 
process before putting them into the TGA fumace. 
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Figure 4.4 The machined alloy prior to oxidation test. 
4.2.4 Crucible Fabrication 
As the temperature for the oxidation experiments was above the melting point of 
the alloys, crucibles to hold the liquid metal without reacting with the metal were needed. 
Crucibles for the oxidation experiments were fabricated in-house using the slip casting 
process, in which an alumina powder/water slurry was poured into a plaster of Paris 
mold, and the liquid was removed into the mold pores by capillary action. The mold was 
formed by mixing plaster of paris (CaS04 . .!. H20) with water in a weight ratio of 65:25 
2 
and forming a porous solid of gypsum (CaS04.2H20) according to the following 
reaction: 
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A small glass beaker was used to obtain the shape of the crucible in the mould. 
The crucibles used during the TGA experiments were fabricated using calcined grade 
alumina as the raw material, having 99.8% purity and 0.4 micron median partic1e size. 
The suspension having a ratio of70% alumina powder- 30% water and 0.2% deflocculant 
(Darvan C) was prepared in a plastic container, containing alumina balls (approx. 20% of 
the volume of the bottle, average diameter size ~13mm). The slurry was milled in this 
container for approximately 30 minutes. Darvan C deffloculant was used to disperse the 
alumina partic1es and obtain a homogenous slip. The slip was then poured into the mould 
and left for approximately 3-4 minutes. More slurry was added if needed, as the level of 
the slurry sunk in the mould due to the absorption of the liquid into the mould pores. 
When the desired thickness (~2 mm) was achieved, the remaining slurry was poured out. 
The green crucible was then left to dry for at least 2 hours at room temperature to have 
enough mechanical strength before removing it from the mould. It was then air-dried for 
another 24 hours prior to sintering. 
A SiC resistance fumace was used to sinter the green crucible bodies. Sintering 
consisted of two steps. The initial sintering step was performed at 1200 oC for 1 hour, 
with a heating rate of 2 OC/minute. In this step, the green crucibles were not completely 
sintered to allow sorne modifications such as drilling holes into the sides for a suspension 
wire and removing surface asperities by polishing with abrasive SiC grinding paper. The 
second sintering step was performed at 1500 oC for 1 hour, with a heating rate of 
3 OC/minute to obtain better mechanical properties and densification. A picture of the 
plaster of Paris mould and fully sintered crucible is given in Figure 4.5. 
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(a) (b) 
Figure 4.5 Plaster of Paris mould (a) and the sintered alumina crucible (b). 
4.3 TGA EXPERIMENTS 
The oxidation experiments of the alloys were carried out in a vertical mullite tube 
fumace, as shown schematically in Figure 4.6. A thermogravimetric balance (Cahn D-
100, Cerritos, CA) was placed on the top, well outside of the hot zone, to protect the 
electronic devices. The temperature in the fumace was measured by aB-type 
thermocouple, having an accuracy of ± 1%, controlled by a Gultan West 2050 
temperature controller. Six SiC GLOBAR heating elements, arranged in a circular 
manner, were used as the heating source. 
The machined specimens were placed in the alumina crucible after being ground 
and c1eaned with alcohol. A Ni-Cr wire connected to the thermogravimetric balance was 
used to suspend the crucible in the mullite tube furnace. The length of the wire was 
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measured carefully to make sure that the crucible was placed in the hot zone of the 
fumace. The placement of the crucible was also examined from the bottom of the fumace 
to ensure that the crucible did not contact the mullite tube, and that it was suspended 
free1y for accurate weight change data acquisition. 
The fumace chamber was evacuated to 300 mTorr, and flushed with argon. After 
repeating the same procedure twice, argon (prepurified, 99.998%, Matheson) was 
introduced into the system from the bottom of the fumace, and allowed to flow out at the 
top. When a continuous flow of argon was obtained, the temperature controller was set to 
750 oC with a heating rate of 5 oC/minute in order to protect the mullite tube. When the 
temperature had reached 750°C, dry air (Mathes on) was introduced into the system and 
data acquisition was begun to measure the weight change of the sample during the 
oxidation test. Argon and dry air-flow were controlled using a flowmeter. 
The oxidation tests of different alloys were first performed for a period of 48 
hours in order to have a better understanding of the kinetic behaviour of the samples. 
Each test was repeated at least 3 times. The interrupted tests were performed for periods 
of 1 and 5 hours for aluminum-magnesium alloys and 1 hour for aluminum-magnesium-
strontium alloys to have a better understanding of the oxidation mechanism. In addition to 
the oxidation experiments, trial experiments were performed with just the empty crucible 
in order to oxidize the wire, which was re-used for all the oxidation experiments. These 
trial experiments were performed until no further oxidation of the wire occurred. The 
actual setup for the thermogravimetric analysis is shown in Figure 4.7. 
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The weight change data acquisition through the microbalance was gathered using 
ThermoCahn Microscan acquisition software, and the data was converted into a Microsoft 
Excel spreadsheet program in order to plot the weight change versus time graph. 
Dry 
Air& 
Argon 
Microbalance Data acquisition 
system 
Temperature controller 
To VacuumPump 
Figure 4.6 Experimental setup for the thermogravimetric analysis. 
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Vacuum 
pump 
Experimental 
Mullite 
tube 
fumace 
Figure 4.7 Actual setup for the thermogravimetric analysis in the laboratory. 
4.4 ANAL YSIS OF THE OXIDIZED SAMPLES 
4.4.1 Emission Spectroscopy 
54 
The chemical composition of the alloys was quantified using a vacuum emission 
spectrometer, Spectrovac 1000, having an MC20 data processing system. Analyses were 
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performed on two different eut samples of the cast metal rod, one from the top and one 
from the bottom, as shown in Figure 4.8. Samples were ground on 400 grit abrasive SiC 
grinding paper in order to obtain a defect free surface. At least 3 different measurements 
were taken on each sample surface, and the average of aIl results was taken to quantify 
the overall composition. 
Spectroscopie 
Analysis areas 
Figure 4.8 Location of samples eut from the metal rod for spectroscopie analysis .. 
4.4.2 Scanning Electron Microscope 
Both oxide surface morphologies and poli shed cross-sections of the oxidized 
alloys were examined using the Hitachi S-4700 field-emission gun scanning electron 
microscope (Figure 4.9). Qualitative and semi-quantitative analyses of the samples were 
performed using energy dispersive spectroscopy (EDS), connected to INCA software for 
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elemental analysis. Samples were cut using a diamond blade. They were then hot 
mounted for cross-sectional analysis. Conductive carbon bakelite was used to prevent 
charging around the sample edges (surfaces). Samples were ground starting from 240 to 
600 grit abrasive SiC grinding paper, and then poli shed using 5, 1 and 0.5 micron alumina 
powder slurries, respectively. 
Figure 4.9 Hitachi S-4700 Field Emission Gun scanning electron microscope. 
4.4.3 Low-angle X-ray diffraction 
The oxide layer and other phases formed throughout the oxidation tests were 
determined using a Rigaku Rotaflex Rotating Angle Diffractometer to obtain low-angle 
X-ray diffraction. This technique allowed determining the phases on the top and near to 
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the sample surface using a very low grazing angle (5°). Samples were cut using a 
diamond blade and sliced parallel to the oxide surface in order to obtain a very thin layer 
from the top of the oxidized alloy to increase the volume ratio of the thin oxide layer in 
the whole sample volume to make oxide peaks more explicit. The aluminum peak seemed 
to be more prominent due to the high surface roughness ofthe oxidized samples. 
5. OXIDATION KINETICS RESULTS 
5.1 ALUMINUM-MAGNESIUM ALLOYS 
To better understand the effect of strontium on the oxidation kinetics of the 
aluminum-magnesium alloys, it is necessary to compare the oxidation behavior of the 
alloys with and without strontium. The thermogravimetrically determined weight change 
curves for AI-0.5%Mg, AI-l %Mg and AI-5%Mg alloys at 750°C under dry air are shown 
in Figure 5.1. It can be clearly seen that the lowest weight gain was obtained with AI-
0.5% Mg alloy and the highest weight gain obtained with AI-5%Mg alloy. The amount of 
the weight gain for each alloy was roughly proportional to the amount of magnesium in 
the alloy, as shown in Table 5.1. All three alloys had an initial protective oxidation stage 
followed by breakaway oxidation and linear oxidation, and finally the parabolic oxidation 
stage where the weight gain slows down and shows an asymptotic behavior. 
Table 5.1 Summary of approximate weight gains ofthree different Al-Mg alloys after 48 
hours exposure. 
Mg amount in the alloy 0.5% Mg l%Mg 5%Mg 
Weight Gain after 48 hours (mgs/cm .') 48 107 520 
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In case of the AI-O.5%Mg alloy, the breakaway oxidation occurred sooner than for 
AI-l %Mg alloy, probably due to the thicker oxide of the latter, providing higher 
mechanical strength. The physical appearance of the oxidized samples can be seen in 
Figures 5.2 and 5.3. In the case of the AI-5%Mg alloy, the breakaway oxidation occurred 
sooner due to the higher vapor pressure of magne sium resulting in a bubbling effect on 
the surface, as can be seen in Figure 5.4. 
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Figure 5.2 The physical appearance of AI-0.5% Mg Alloy. 
Figure 5.3 The physical appearance of AI-l % Mg 
Gas bubbles 
Figure 5.4 The physical appearance of AI-5% Mg alloy. 
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5.2 AL UMINUM-MAGNESIUM ALLOYS CONTAINING STRONTIUM 
5.2.1 250 ppm Sr Addition 
The effect of 250 ppm strontium addition on the oxidation weight gain behavior of 
AI-0.5%Mg anoy is depicted in Figure 5.5. It can be seen from this figure that 250 ppm 
strontium addition had a very significant effect on the oxidation behavior of AI-0.5%Mg 
anoy, in that the weight gain dropped by almost 98%. In addition to the difference in the 
shape of the weight gain curve, the sample surface of the AI-O.5%Mg anoy having 250 
ppm strontium was smoother than the surface of the AI-0.5%Mg anoy having no 
strontium, as ean be seen by a comparison of Figures 5.2 and 5.6. The oxidation weight 
gain eurve ofthe AI-O.5%Mg anoy fonowed the breakaway oxidation, 
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linear oxidation and parabolic oxidation sequence; however, none ofthese stages were 
observed with the AI-O.5%Mg alloy containing 250 ppm strontium. 
Figure 5.6 The physical appearance of AI-0.5% Mg-250 ppm Sr alloy. 
62 
The same kind of oxidation behavior was obtained with the Al-l %Mg alloy 
containing 250 ppm strontium, as shown in Figure 5.7. Again, the weight gain was 
lowered by almost 98% and no breakaway, linear or parabolic oxidation behavior was 
observed with the addition of250 ppm strontium. The physical appearance of the samples 
in Figure 5.8 showed that the AI-l %Mg alloy containing 250 ppm strontium had a 
significantly smoother surface in comparison with the same alloy containing no strontium 
(Figure 5.3). 
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Figure 5.8 The physical appearance of AI-l % Mg-250 ppm Sr anoy. 
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The AI-5%Mg anoy containing 250 ppm strontium displayed noticeably different 
oxidation characteristics from the AI-0.5%Mg-250 ppm strontium and AI-l %Mg-250 
ppm strontium anoys. In this case, although the addition of 250 ppm strontium decreased 
the weight gain by 70%, the breakaway oxidation, linear oxidation and parabolic 
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oxidation stages were still observed, as seen in Figure 5.9. As mentioned previously, the 
higher magnesium content in the alloy resulted in higher magnesium vapor pressure, 
rupturing of the initial oxide layer and subsequent breakaway oxidation. The effect of 
magnesium vapor pressure and the bubbling effect can also be seen in Figure 5.10. 
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Figure 5.9 Effeet of250 ppm Sr addition on the oxidation of the AI-5% Mg alloy 
Figure 5.10 The physical appearance of Al-5% Mg-250 ppm Sr alloy. 
Chapter 5 Oxidation Kinetics Results 65 
5.2.2 500 ppm Sr Addition 
The addition of 500 ppm strontium into the AI-0.5%Mg and Al-1 %Mg alloys led 
to nearly the same effects as the addition of 250 ppm strontium, as shown in Figures 5.11 
and 5.13. Again, much lower weight gains were observed for the strontium containing 
samples, and the total weight gain decreased by about 96-98%, with elimination of 
breakaway oxidation, linear oxidation and parabolic oxidation. The physical appearances 
ofthe samples are shown in Figures 5.12 and 5.14. It can be seen that the AI-0.5%Mg and 
AI-l %Mg alloys having 500 ppm strontium had relatively smoother and non-disturbed 
surfaces in comparison with the alloys containing no strontium. 
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Figure 5.12 The physieal appearanee of AI-0.5% Mg-500 ppm Sr alloy. 
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Figure 5.13 Effeet of 500 ppm Sr addition on the oxidation ofthe Al-l % Mg alloy. 
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Figure 5.14 The physieal appearanee of AI-l % Mg-500 ppm Sr alloy. 
When 500 ppm strontium was added into the AI-5%Mg alloy and the oxidation 
experiments were performed, the weight gain eurve obtained after 48 hours of oxidation 
is as shown in Figure 5.15. Similar to the Al-5%Mg-250 ppm strontium alloy, lower 
weight gains were measured with the addition of 500 ppm strontium, and breakaway 
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Figure 5.15 Effeet of 500 ppm Sr addition on the oxidation ofthe Al-5% Mg alloy. 
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Figure 5.16 The physical appearance of AI-5% Mg-500 ppm Sr alloy 
oxidation, linear oxidation and parabolic oxidation stages were still observed. Bubbling 
due to the high vapor pressure of magnesium was again observed as seen in Figure 5.16. 
5.2.3 1000 ppm Sr Addition 
The oxidation weight gain curves obtained at 750°C for the AI-O.5% Mg and Al-
I %Mg alloys having 1000 ppm strontium are shown in Figures 5.17 and 5.19, and the 
surface appearances of the samples is seen in Figures 5.18 and 5.20, respectively. The 
oxidation behavior and the physical appearances of the samples are very similar to those 
obtained for the AI-0.5%Mg and AI-1 %Mg alloys containing 250 and 500 ppm strontium. 
As shown in Figure 5.21, the weight gain curve for the AI-5%Mg-1000 ppm strontium 
alloy showed a more protective oxidation behavior compared with the AI-5%Mg-250 
ppm strontium and AI-5%Mg-500 ppm strontium alloys. The sample appearance seen in 
Figure 5.22 seems to exhibit less bubbling than at lower strontium levels. 
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5.2.4 Summary of Oxidation Behavior 
Analysis of the oxidation curves of the AI-0.5%Mg and Al-l % alloys with and 
without three different strontium contents (250, 500 and 1000 ppm) revealed that the 
addition of strontium into AI-0.5%Mg and Al-l %Mg alloys lowered the weight gains by 
more than 95% and totally changed the oxidation kinetics. The three oxidation stages 
(breakaway, linear and parabolic) were observed with AI-0.5%Mg and AI-I %Mg alloys, 
but they were not exhibited when strontium was added to these alloys. The oxidation 
behavior ofthese alloys is summarized in Figures 5.23 and 5.24. 
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alloy. 
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Unlike the AI-0.5%Mg and Al-l % Mg aIloys, when three different strontium 
contents were added into the AI-5% Mg aIloy, the breakaway, linear and parabolic 
oxidation kinetics were observed with AI-5%Mg aIloys containing 250 and 500 ppm 
strontium. The AI-5%Mg-IOOO ppm strontium aIloy showed a more protective behavior, 
as seen in Figure 5.25. 
A comparison of the three aIloys containing the same amount of strontium, but 
different amounts of magnesium is given in Figures 5.26, 5.27 and 5.28. In aIl cases the 
highest weight gain was obtained with the highest amount of magnesium in the alloy, 
which was 5%. In addition, the comparison of approximate total weight gains (mgs/cm-2) 
after 48 hour oxidation for 3 different strontium additions is summarized in Table 5.2. 
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Figure 5.27 Effeet of 500 ppm Sr addition on the extended oxidation of the Al-Mg alloys. 
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Table 5.2 Comparison of approximate total weight gains (mgs/cm-2) after 48 hour 
oxidation for 3 different strontium additions. 
~ Mg amount in the alloy (weight %) 0.5% Mg l%Mg 5% Mg 
250ppmSr 0.7 1.25 165 
500ppm Sr 0.7 0.76 150 
lOOOppm Sr 0.7 0.6 102 
6. MICROSTRUCTURAL STUDIES 
6.1 Aluminum-Magnesium AI/oys 
6.1.1 48 hour tests 
In this chapter, the cross sections and the surfaces of the oxidized 
aluminum-magnesium alloys and those containing different amounts of strontium were 
analyzed using different microanalysis techniques in order to develop an in-depth 
understanding of the oxidation kinetics and its mechanism. Combining the kinetic and the 
microstructural analysis results was found to be use fui to answer the question of why the 
presence of strontium lowered the oxidation weight gain of the aluminum magnesium 
alloys. 
The cross-sectional view of the Al-O.5% Mg alloy after 48 hours of 
oxidation is shown in Figure 6.1. It can be clearly seen that the spinel (MgAlz04) crystals 
were observed at the oxide-metal interface, just undemeath the top magnesium oxide 
layer. The spinel crystals are detected by EDS analysis, as shown in Figure 6.2. Theyalso 
had various sizes and shapes, ranging from ~200 nm to 4-5 microns in diameter. 
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Figure 6.1 Cross sectional view of AI-O.5% Mg alloy after 48 hours of oxidation. 
Figure 6.2 EDS analysis result of the spinel crystal in AI-O.5% Mg alloy after 48 hours of 
oxidation. 
The surface morphology of AI-O.5% Mg alloy after 48 hours of oxidation 
is shown in Figure 6.3 at low magnification and in Figure 6.4 at higher magnification. 
The morphology of the surface showed similarities with the shape of the spinel 
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(MgAh04) crystals, which were beneath the first formed MgO layer, according to the 
EDS analysis from the top surface of the oxidized alloy, as shown in Figure 6.5. 
Figure 6.3 Surface morphology of AI-O.5% Mg alloy after 48 hours of oxidation. 
Figure 6.4 Higher magnification macrograph ofthe surface morphology of AI-O.5% Mg 
alloy after 48 hours of oxidation. 
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Figure 6.5 EDS analysis result from the top surface of the AI-0.5% Mg alloy after 48 
hours of oxidation. 
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As with the AI-0.5% Mg alloy, the cross sectional view of the Al-I % Mg 
alloy after 48 hours of oxidation showed the presence of the spinel (MgAh04) crystals at 
the oxide-metal interface, as depicted in Figure 6.6. The spinel crystals observed at the 
oxide-metal interface of both AI-0.5 and Al-I % Mg alloys were very similar in 
appearance, many had irregular shapes such as tetrahedral, cuboids, but most were 
compact, almost spherical crystals. The size of the spinel crystals at the oxide-metal 
interface of the AI-I % Mg alloy was about the same as those observed in AI-0.5% Mg 
alloy, ranging from 200-300 nm to 4-5 microns. The EDS analysis of the spinel crystals 
also revealed the presence of Mg, Al and 0, as seen in Figure 6.7. 
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Figure 6.6 Cross sectional view of Al-l % Mg alloy after 48 hours of oxidation. 
Figure 6.7 EDS analysis result of the spinel crystal in Al-l% Mg alloy after 48 hours of 
oxidation. 
The oxide layer on the top of the Al-l % Mg alloy was believed to be 
thicker and more porous than the oxide layer formed on the AI-O.5% Mg alloy due to the 
higher magne sium content in the alloy. This resulted in a higher weight-gain, as shown in 
Figure 5.1 in Chapter 5. The surface morphology of the Al-l % Mg alloy was rough due to 
Chapter 6 Microstructural Studies 82 
the spinel crystals fonned undemeath the oxide layer, as seen in Figures 6.8 and 6.9. EDS 
analysis of the oxide surface showed that the oxide layer was in the fonn of magnesium 
oxide, as shown in Figure 6.10. Low-angle XRD analysis results ofboth AI-0.5% and Al-
I % Mg alloys after 48 hours of oxidation are also shown in Figure 6.11, confinning the 
presence ofMgO and spinel (MgA}z04) on the surface of the alloy. 
Figure 6.8 Surface morphology of AI-1 % Mg alloy after 48 hours of oxidation. 
Figure 6.9 Higher magnification macrograph of the surface morphology of AI-1 % Mg 
alloy after 48 hours of oxidation. 
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Figure 6.10 EDS analysis result from the top surface of the Al-l % Mg alloy after 48 
hours of oxidation. 
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The spinel (MgA}z04) phase fonned in the AI-5% Mg alloy was 
completely different in tenns of size and shape from the spinel crystals fonned at the 
oxide-metal interface of the AI-0.5% Mg and Al-l % Mg alloys. The spinel phase fonned 
at the oxide-metal interface of the AI-5% Mg alloy was in the fonn of a very thick and 
continuous film rather than small crystals, as shown in Figure 6.12. The thickness of this 
spinel film was about 200 microns. However, the thick spinellayer was not fully dense, 
and exudation of aluminum between spinel channels was observed. The top oxide layer 
was extremely rough and thick, and as a result, sorne charging effects were observed 
during imaging of the top oxide layer, as seen in Figure 6.13. 
Spinel 
layer 
Figure 6.12 Cross sectional view of AI-5% Mg alloy after 48 hours of oxidation. 
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Figure 6.13 Surface morphology of AI-5% Mg alloy after 48 hours of oxidation 
6.1.2 Interrupted Tests 
The cross-sectional views of the AI-O.5% Mg alloy in the experiment in 
which oxidation was interrupted after 1 hour are shown in Figures 6.14 and 6.15. Spinel 
(MgAlz04) crystals identified at the oxide-metal interface were smaller in size and less in 
amount than those observed after 48 hours of oxidation of the same alloy. The surface of 
the AI-O.5% Mg alloy after 1 hour of oxidation was relatively smoother than the one 
observed after 48 hours of oxidation. A few outgrowths were observed on a smooth and 
continuous MgO layer, as shown in Figures 6.16 and 6.17. 
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Figure 6.14 Cross sectional view of AI-O.5% Mg alloy after 1 hour of oxidation 
Figure 6.15 Low magnification micrograph of the cross sectional view of AI-O.5% Mg 
alloy after 1 hour of oxidation. 
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Figure 6.16 Low magnification micrograph of the surface morphology of AI-O.5% Mg 
alloy after 1 hour of oxidation. 
Figure 6.17 High magnification micrograph of the surface morphology of AI-O.5% Mg 
alloy after 1 hour of oxidation. 
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The cross sectional views of Al-l % Mg alloy after 1 hour of oxidation are 
shown in Figures 6.18 and 6.19, respectively. Again, the spinel crystals were smaller in 
size, having a maximum diameter of 1 micron, and they were discontinuous along the 
oxide-metal interface. As a result, the top oxide layer, which was in the form of MgO, 
was smooth and continuous, as can be seen in Figures 6.20 and 6.21. MgO crystals 
having various sizes, from a few nanometers to 0.5 micron, were observed on the surface. 
Figure 6.18 Low magnification micrograph of the cross sectional view of Al-l % Mg 
alloy after 1 hour of oxidation. 
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Figure 6.19 High magnification micrograph of the cross sectional view of Al-l% Mg 
alloy after 1 hour of oxidation. 
Figure 6.20 High magnification micrograph of the surface morphology of AI-l % Mg 
alloy after 1 hour of oxidation. 
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Figure 6.21 Low magnification micrograph of the surface morphology of AI-l % Mg 
alloy after 1 hour of oxidation. 
Oxidizing the AI-5% Mg alloy for 1 hour at 750 oC gave similar results to 
those obtained with AI-0.5% and AI-l % Mg alloys. Small spinel crystals were found at 
the oxide-metal interface, as shown in Figures 6.22 and 6.23. The surface of the MgO 
layer covered with very tiny MgO crystals and the oxide layer was continuous and crack 
free due to the smaller amount of spinel phase formed, as seen in Figures 6.24 and 6.25. 
Figure 6.22 Cross sectional view of AI-5% Mg alloy after 1 hour of oxidation. 
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Figure 6.23 Cross sectional view of Al-5% Mg alloy after 1 hour of oxidation 
Figure 6.24 Low magnification micrograph of the surface morphology of Al-5% Mg 
alloy after 1 hour of oxidation. 
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Figure 6.25 High magnification micrograph of the surface morphology of AI-5% Mg 
alloy after 1 hour of oxidation. 
Figures 6.26 and 6.27 show the cross-sectional view of AI-0.5% Mg alloy 
after 5 hours of oxidation at 750 oC. It can be c1early seen that the amount and size of the 
spinel (MgAh04) crystals at the oxide-metal interface were increased in comparison with 
the amount and size of the spinel crystals in the same alloy after 1 hour of oxidation. As a 
result, the surface became rougher due to the presence of more spinel, which is also 
detected by EDS as seen in Figure 6.28. MgO crystallites having a size of 50-100 nm in 
diameter were also observed on the surface, as shown in Figures 6.29 and 6.30. EDS 
analysis from the top oxide layer revealed that the oxide was in the form of MgO, as 
shown in Figure 6.31. 
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Figure 6.26 Low magnification micrograph of the cross sectional view of AI-O.5% Mg 
alloy after 5 hours of oxidation. 
Figure 6.27 High magnification micrograph of the cross sectional view of AI-O.5% Mg 
alloy after 5 hours of oxidation. 
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Figure 6.28 EDS analysis result of the spinel crystal in AI-O.5% Mg alloy after 5 hours of 
oxidation. 
Figure 6.29 Surface morphology of AI-O.5% Mg alloy after 5 hours of oxidation. 
Chapter 6 Microstructural Studies 95 
Figure 6.30 High magnification micrograph of the surface morphology of AI-O.5% Mg 
alloy after 5 hours of oxidation. 
Figure 6.31 EDS analysis result from the top surface of the AI-O.5% Mg alloy after 5 
hours of oxidation. 
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In the case of the AI-I % Mg alloy, the amount and the size of the spinel crystals 
were increased slightly after 5 hours of oxidation in comparison with the crystals 
observed in the same alloy after 1 hour of oxidation, as shown in Figures 6.32 and 6.33. 
The possible reason for this slight change could lie in the fact that a thicker oxide layer 
was formed on the top of the AI-I % Mg alloy, as shown in Figure 6.34. As a result, the 
diffusion of the oxygen atoms which is slower is necessary to form the spinel (MgAh04) 
crystals through the oxide layer. This longer diffusion path resulted in a lower number of 
spinel crystals at the oxide-metal interface of the AI-I % Mg alloy in comparison with the 
AI-O.5% Mg alloy. Renee, a smoother oxide layer is formed on the AI-I % Mg alloy 
oxidized for 5 hours, as shown in Figure 6.35. 
Figure 6.32 Cross sectional view of AI-l % Mg alloy after 5 hours of oxidation. 
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Figure 6.33 Cross sectional view of AI-I % Mg alloy after 5 hoUT of oxidation. 
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Figure 6.35 Surface morphology of AI-l % Mg alloy after 5 hours of oxidation. 
The oxidation behavior of the AI-5% Mg alloy after 5 hours of oxidation 
was totally different from that observed with AI-0.5% and AI-l % Mg alloys. As is shown 
in Figures 6.36 and 6.37, very large gas porosities, having a diameter between 20-100 
microns formed at the oxide-metal interface, due to the high vapor pressure of 
magnesium. It is believed that gas porosity played a more important role than the spinel 
crystals in causing breakaway oxidation. 
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Figure 6.36 Cross sectional view of AI-5% Mg alloy after 5 hours of oxidation showing 
the gas porosity on the surface. 
Figure 6.37 Cross sectional view of AI-5% Mg alloy after 5 hours of oxidation showing 
the gas porosity on the surface. 
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The surface morphology of AI-5% Mg alloy after 5 hours of oxidation are 
shown in Figures 6.38 and 6.39. A re1atively smooth MgO layer was observed on the 
alloy, due to the lower number of spinel crystals. On the other hand, large and very long 
cracks were formed and metal exudation was observed along these cracks, possibly due to 
the mechanicai stresses created by the internaI gas bubbles. 
Figure 6.38 Surface morphology of AI-5% Mg alloy after 5 hours of oxidation. 
Figure 6.39 Higher magnification micrograph of the surface morphology of AI-5% Mg 
alloy after 5 hours of oxidation. 
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6.2 Aluminum-Magnesium Alloys Containing Strontium 
6.2.1 48 Hour Tests 
As shown before, the oxidation kinetics of aluminum-magnesium alloys 
containing different levels of strontium were completely different from those obtained 
with aluminum-magnesium alloys with no strontium. In this section, the microstructures 
of the aluminum-magnesium alloys containing three different levels (250, 500 and 1000 
ppm) of strontium were studied in detail in order to establish the reason for the dramatic 
decrease in weight gain during the oxidation experiments. 
Figure 6.40 Backscattered electron micrograph ofthe cross sectional view of AI-0.5% 
Mg -250 ppm Sr alloy after 48 hours oxidation. 
Chapter 6 Microstructural Studies 102 
Figures 6.40 and 6.41 show the cross-sectional views of the AI-0.5% Mg alloy 
containing 250 ppm strontium oxidized for 48 hours. The backscattered electron image 
c1early indicates that there is a strontium containing phase just undemeath the top MgO 
layer. EDS analysis results and the atomic percentage rate of the elements showed that 
this strontium containing phase was AI4Sr, as shown in Figure 6.42. In addition, the spinel 
crystals found in the microstructure of the strontium free AI-0.5% Mg alloy were not 
observed in the same alloy containing 250 ppm Sr. The Al4Sr phase found undemeath the 
surface MgO layer was not continuous; but it was parallel to the oxide layer. 
(a) (b) 
Figure 6.41 Backscattered (a) and secondary electron (b) micrographs of the cross 
sectional view of AI-0.5% Mg -250 ppm Sr alloy after 48 hours oxidation. 
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Figure 6.42 EDS analysis result of the Al4Sr phase in AI-0.5% Mg-250 ppm Sr alloy 
after 48 hours of oxidation. 
The surface morphology of the AI-0.5% Mg alloy containing 250 ppm strontium 
is shown in Figure 6.43. As there were no spinel crystals formed at the oxide-metal 
interface, the oxide layer was smooth and undisturbed, showing a protective behavior. 
MgO outgrowths were found on the surface; however they c1eady did not play a major 
role on the oxidation kinetics, as the total oxidation weight gain dropped by 98% in 
comparison with the total weight gain of the same alloy containing no strontium. The 
EDS analysis of the top surface is also shown in Figure 6.44. 
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Figure 6.43 Surface morphology of AI-0.5% Mg -250 ppm Sr alloy after 48 hours 
oxidation. 
Figure 6.44 EDS analysis result from the top surface of the AI-0.5% Mg-250 ppm Sr 
alloy after 48 hours of oxidation. 
Figure 6.45 shows the backscattered electron image of the cross-sectional view of 
AI-I % Mg alloy containing 250 ppm strontium after 48 hours of oxidation. The same 
Al4Sr phase was observed just beneath the surface MgO layer. Figure 6.46 shows a higher 
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magnification secondary electron image c1early indicating the top MgO layer, the A14Sr 
phase and the base metal. Sorne spinel (MgAlz04) crystals were found at the oxide-metal 
interface, as seen in Figure 6.47. These spinel crystals were quite large (approx. 4-5 
microns in diameter) and extended to the surface of the alloy. 
Figure 6.45 Backscattered electron micrograph of the cross sectional view of AI-l % Mg-
250 ppm Sr alloy after 48 ho urs oxidation. 
Figure 6.46 Secondary electron micrograph of the cross sectional view of AI-l % Mg-
250 ppm Sr alloy after 48 hours oxidation. 
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Figures 6.48 and 6.49 show the surface morphology of the AI-I % Mg alloy 
containing 250 ppm strontium. Pyramid-like structures were observed due to the presence 
of spinel crystals on the surface, and those crystals were covered by an interconnected 
porous MgO structure. The top surface ofthe alloy was also covered by MgO. 
Figure 6.47 Cross sectional view of AI-l % Mg -250 ppm Sr alloy after 48 hours 
oxidation showing the spinel crystals. 
Figure 6.48 Surface morphology of AI-l % Mg -250 ppm Sr alloy after 48 hours 
oxidation. 
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(a) (b) 
Figure 6.49 Surface morphology of Al-l % Mg -250 ppm Sr alloy after 48 hours 
oxidation at low magnification (a) and at higher magnification (b) showing 
the interconnected porous MgO structure. 
The AI-5% Mg alloy containing 250 ppm strontium had a very different 
microstructure from the AI-0.5% and 1 % Mg alloys containing the same amount of 
strontium. The physical view of the AI-5% Mg alloy containing 250 ppm strontium is 
illustrated in Figure 5.10, in Chapter 5. It was observed that there was a highly oxidized 
part on the side of the sample and the top surface was found less oxidized and thinner. 
The reason for this kind of physical structure can be explained by the fact that the highly 
oxidized top layer was broken due to the higher vapor pressure of magnesium metal, 
resulting in exposure of the base metal to the oxidizing atmosphere. As most of the Mg 
was consumed during the previous oxidation stage, the oxide layer formed after failure of 
the first formed oxide was thinner. Figures 6.50 and 6.51 show the cross-sectionals of the 
AI-5% Mg alloy containing 250 ppm strontium taken from the first and highly oxidized 
layer which was found on the side of the sample. Very large gas porosities were observed 
on the surface, probably the reason for the breakaway oxidation. The cross-sectional view 
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from the less oxidized surface showed a very thin and smooth MgO layer on the top of 
the alloy without the presence of any gas porosity, as seen in Figure 6.52. The surface 
morphology of the highly oxidized area shown in Figure 6.53 is also another indication of 
the intense oxidation. However, the surface morphology of the less oxidized surface was 
smooth and undisturbed, as seen in Figure 6.54. The Al4Sr phase was not present 
undemeath the oxide layer, possibly due to the high surface turbulence of the melt caused 
by the evaporation of Mg. 
Figure 6.50 Cross sectional view of AI-5% Mg -250 ppm Sr alloy after 48 hours 
oxidation showing the gas porosity on the surface. 
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Figure 6.51 Cross sectional view of AI-5% Mg -250 ppm Sr alloy after 48 hours 
oxidation showing the gas porosity on the surface. 
Figure 6.52 Cross sectional view of AI-5% Mg -250 ppm Sr alloy after 48 hours 
oxidation showing the MgO layer. 
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Figure 6.53 Surface morphology of the highly oxidized surface of AI-5% Mg - 250 ppm 
Sr alloy after 48 hours oxidation. 
Figure 6.54 Surface morphology of the less oxidized surface of AI-5% Mg - 250 ppm Sr 
alloy after 48 hours oxidation. 
The backscattered electron micrograph of the cross-sectional view of the AI-0.5% 
Mg alloy containing 500 ppm strontium is shown in Figure 6.55. Similar to the 
microstructure of the same alloy containing 250 ppm strontium, the Al4Sr phase was 
Chapter 6 Microstructural Studies 111 
identified at the oxide-metal interface, just beneath the top MgO layer. The A4Sr phase 
was c1early distinguishable between the top MgO layer and the base metal where the 
backscattered electron image was taken. The higher magnification secondary electron 
image of the same area also showed c1early the three different phases, as seen in Figure 
6.56. 
Figure 6.55 Backscattered electron micrograph of the cross sectional view of AI-0.5% 
Mg -500 ppm Sr alloy after 48 hours oxidation. 
Figure 6.56 High magnification secondary electron micrograph of the cross sectional 
view of AI-O.5% Mg -500 ppm Sr alloy after 48 hours oxidation. 
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The top oxide layer of AI-0.5% Mg alloy containing 500 ppm strontium consisted 
of MgO and very tiny outgrowths of MgO formed on the oxide layer, as illustrated in 
Figure 6.57. These outgrowths were small in size and had no significant effect on the 
oxidation weight gain of the alloy, as it can be seen from the kinetic results in Figure 
5.11. 
Figure 6.57 Surface morphology of the surface of the AI-O.5% Mg -500 ppm Sr after 48 
hours oxidation. 
Backscatlered electron image and elemental mapping of an area of the oxide 
surface of the same alloy is given in Figure 6.58. The crack observed on the surface was 
formed during the solidification of the oxide and provided important information about 
both the structure of the oxide and the alloy. The elemental mapping clearly showed the 
presence of the A14Sr phase undemeath the oxide layer, which was in the form ofMgO. 
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(a) (b) 
(c) (d) 
Figure 6.58 Backscattered electron micrograph of the surface morphology of AI-0.5% 
Mg -500 ppm Sr after 48 hours oxidation showing (a) Al, (b) Mg, (c) Sr and 
(d) 0 elemental maps. 
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Backscatlered (a) and secondary (b and c) electron micrographs of the cross-
sectional view of the AI-l % Mg anoy containing 500 ppm strontium are shown in Figure 
6.59. The brighter A4Sr phase detected with backscattered electron imaging was present 
undemeath the MgO layer along the surface, and the thickness of this layer was uneven, 
ranging from 100 nm to 1 micron. However, compared with the Al4Sr phase observed in 
the same anoy containing 250 ppm strontium, the A4Sr phase in the anoy containing 500 
ppm strontium was more continuous and thicker. This observation indicates that most of 
the strontium in the anoy is diffusing towards the surface of the anoy. 
(a) (b) 
(c) 
Figure 6.59 Backscatlered (a) and secondary (b and c) electron micrographs of the cross 
sectional view of AI-l % Mg -500 ppm Sr anoy after 48 hours oxidation. 
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In addition to the Al4Sr phase, sorne spinel crystals were also observed at the 
oxide-rnetal interface as shown in Figure 6.60. The EDS analysis of the crystal is shown 
in Figure 6.61. These spinel crystals were found to extend out to the oxide surface and to 
be covered by the MgO layer. This interconnected MgO layer is shown in Figure 6.62. 
Figure 6.60 Cross sectional view of Al-l % Mg -500 pprn Sr alloy after 48 hours 
oxidation showing the spinel crystals. 
Figure 6.61 EDS analysis result of the spinel crystal in AI-l % Mg-500 Sr alloy after 48 
hours of oxidation. 
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(a) (b) 
(c) 
Figure 6.62 Surface morphology of AI-I % Mg -500 ppm Sr alloy after 48 hours 
oxidation at low magnification (a) and at higher magnifications (b and c) 
showing the interconnected MgO layer. 
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Figure 6.63 EDS analysis result from the top surface of the spinel crystal in AI-l % Mg-
500 Sr alloy after 48 hours of oxidation. 
Figure 6.64 EDS analysis result from the top MgO surface of the AI-l % Mg-500 Sr alloy 
after 48 hours of oxidation. 
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The EDS anal ysis taken from the top surface of the spinel crystal in AI-l % Mg-
500 Sr alloy after 48 hours of oxidation, as seen in Figure 6.63, revealed that the 
magnesium peak was higher than the one taken from the cross section of the same kind of 
spinel crystal. This observation also makes it clear that the surface of the spinel is coated 
with a thin MgO layer. In addition, EDS analysis taken from the surface of the main MgO 
layer revealed the presence of just Mg and 0, and no Al peak, as shown in Figure 6.64, 
indicating that the main MgO formed on the surface of the alloy is thicker than the one 
formed on the spinel crystal found at the surface of the oxide layer. 
Figures 6.65 and 6.66 show the cross-sectional views of the AI-5% Mg alloy 
containing 500 ppm strontium from the highly oxidized section and the smoother section, 
respectively. Very large and mostly interconnected gas porosities were found at the 
oxide-metal interface as shown in Figure 6.65. On the other hand, no gas porosity was 
found in the sample taken from the smoother section. As mentioned before, it is believed 
that most of the magnesium in the alloy was consumed because of the bubbling effect 
which took place due to the evaporation of magnesium during oxidation. As a result, a 
surface having a thinner and porosity-free oxide layer was formed at a later stage of the 
experiment. The surface morphology of this thinner layer is shown in Figure 6.67, and the 
intense oxidation at the highly oxidized surface is shown in Figure 6.68. 
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Figure 6.65 Cross sectional view of AI-5% Mg -500 pm Sr alloy after 48 hours oxidation 
showing the gas porosities on the surface. 
Figure 6.66 Cross sectional view of AI-5% Mg -500 ppm Sr alloy after 48 hours 
oxidation showing the MgO layer. 
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Figure 6.67 Surface morphology of the less oxidized surface of Al-5% Mg - 500 ppm Sr 
alloy after 48 hours oxidation. 
Figure 6.68 Surface morphology of the highly oxidized surface of Al-5% Mg - 500 ppm 
Sr alloy after 48 hours oxidation. 
The thickness of the Al4Sr layer increased as the amount of strontium in the alloy 
was doubled. The secondary (a) and backscattered (b) electron micrographs of the cross-
sectional view of the AI-0.5% Mg alloy containing 1000 ppm strontium are shown in 
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Figure 6.69. It was observed that the Al4Sr phase at the oxide-metal interface thickened 
more, reaching 1-2 microns in thickness. The surface morphology of the same alloy 
shown in Figure 6.70 also proved the presence of the A4Sr phase undemeath the MgO 
layer, as seen with the help ofthe cracks formed during solidification of the alloy. 
(a) (b) 
Figure 6.69 Secondary (a) and backscattered (b) electron micrographs of the cross 
sectional view of AI-0.5% Mg -1000 ppm Sr alloy after 48 hours oxidation. 
Figure 6.70 Backscattered electron micrograph of the surface morphology of AI-0.5% 
Mg-I000 ppm Sr after 48 hours oxidation. 
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The backscattered electron micrograph of the cross sectional view and top view of 
the AI-1 % Mg containing 1000 ppm strontium showed the same kind of microstructure as 
the same alloy containing 250 and 500 ppm strontium. The Al4Sr phase was again present 
at the oxide-metal interface, as shown in Figure 6.71. Spinel crystals were also observed 
on the oxide surface. Figure 6.72 shows a spinel outgrowth covered by MgO on the oxide 
layer. 
Figure 6.71 Backscattered electron micrograph of the cross sectional view of AI-1 % Mg-
1000 ppm Sr after 48 hours oxidation. 
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Figure 6.72 Surface morphology of AI-1 % Mg -1000 ppm Sr after 48 hours oxidation. 
The cross-sectional view of the AI-5% Mg alloy containing 1000 ppm strontium 
taken from the highly oxidized section, shown in Figure 6.73 illustrates the presence of 
gas porosity on the metal surface, as observed with the same alloy containing 250 and 500 
ppm strontium. The top surface of the alloy was completely covered by MgO, as seen in 
Figure 6.74. A layer of very thin and smooth MgO was present on the top of the less 
oxidized section of the same alloy, as depicted in Figure 6.75. 
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Figure 6.73 Cross sectional view of AI-5% Mg -1000 ppm Sr alloy after 48 hours 
oxidation showing the gas porosity on the surface. 
Figure 6.74 Surface morphology of the highly oxidized surface of Al-5% Mg- 1000 ppm 
Sr alloy after 48 hours oxidation. 
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Figure 6.75 Surface morphology of the less oxidized surface of AI-5% Mg - 1000 ppm 
Sr alloy after 48 hours oxidation. 
6.2.2 Interrupted Tests 
The microstructure of the samples obtained after 1 hour interrupted tests did not 
differ significantly from those obtained after a full 48 hours of oxidation. As can be seen 
in Figure 6.76, the same A4Sr phase which was observed at the oxide-metal interface of 
the Al-Mg alloys containing strontium after 48 hours oxidation was present in the AI-
0.5% Mg alloy containing 250 ppm strontium after 1 hour oxidation. 
The secondary and backscattered electron micrographs taken from the top c1early 
showed the presence of the Al4Sr phase along a crack that occurred during solidification 
of the alloy, as seen in Figure 6.77. The top oxide layer was in the form of MgO, as was 
observed with aIl the previously studied strontium containing samples. 
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Figure 6.76 Backscattered e1ectron micrograph of the cross sectional view of AI-0.5% 
Mg -250 ppm Sr alloy after 1 hour oxidation. 
(a) (b) 
Figure 6.77 Secondary (a) and hackscattered (h) electron micrographs of the surface 
morphology of AI-0.5% Mg -250 ppm Sr alloy after 1 hour oxidation. 
The A4Sr phase was again present at the me1t-oxide interface as shown in Figure 
6.78 for an Al-l %Mg alloy containing 250 ppm strontium after 1 hour oxidation. The 
same phase was ohserved on the top surface of the same alloy as shown in Figure 6.79. 
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These micrographs provide a different perspective about the 3-dimensional shape of the 
A4Sr intermetallic phase, by observing them from the top surface of the alloy, and 
without sectioning them. 
(a) (b) 
Figure 6.78 Backscattered electron micrographs of the cross sectional view of Al-l % Mg 
-250 ppm Sr alloy after 1 hour oxidation. 
(a) (b) 
Figure 6.79 Secondary (a) and backscattered (b) electron micrographs of the surface 
morphology of Al-l % Mg -250 ppm Sr alloy after 1 hour oxidation. 
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The backscattered electron micrograph of the AI-5% Mg alloy containing 250 
ppm strontium in Figure 6.80 clearly revealed that the A4Sr phase was again formed at 
the oxide-metal interface, along with gas porosity, as shown in Figure 6.81. These gas 
porosities were smaller in number and size in comparison with those found in the same 
alloy after 48 hour oxidation. Figure 6.82 showing the secondary (a) and backscattered 
(b) electron micrographs taken from the top of the alloy proved the presence of the A4Sr 
phase just underneath the MgO layer through the oxide crack. 
Figure 6.80 Backscattered electron micrograph of the cross sectional view of AI-5% Mg-
250 ppm Sr alloy after 1 hour oxidation. 
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(a) (b) 
Figure 6.81 Cross sectional view of Al-5% Mg -250 ppm Sr alloy after 48 hours 
oxidation showing the gas porosity on the surface. 
(a) (b) 
Figure 6.82 Secondary (a) and backscattered (b) electron micrographs of the surface 
morphology of Al-5% Mg -250 ppm Sr alloy after 1 hour oxidation. 
Backscattered electron micrographs taken on the AI-0.5% Mg alloy containing 
500 ppm strontium oxidized for 1 hour gave similar results to those observed with the 
same alloy containing 250 ppm strontium, as seen in Figure 6.83. The surface 
morphology of the alloy was very smooth and coherent, as shown in Figure 6.84, due to 
A14Sr phase formation suppressing the spinel formation at the oxide-metal interface. 
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(a) (h) 
Figure 6.83 Backscatlered electron micrographs of the cross sectional view of AI-0.5% 
Mg -500 ppm Sr alloy after 1 hour oxidation. 
Figure 6.84 Surface morphology of AI-0.5% Mg - 500 ppm Sr alloy after 1 hour 
oxidation. 
Although the size of the A4Sr phase ohserved in the micrograph in Figure 6.85, 
showing the surface morphology of AI-0.5% Mg alloy containing 500 ppm strontium was 
larger than that ohserved in the same alloy containing 250 ppm strontium after 1 hour 
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oxidation, the thickness of the A4Sr layers was less than that in Al-Mg alloys oxidized 
for 48 hours. In the case of 48 hour oxidation, the time for the strontium atoms to diffuse 
toward the surface of the alloy was much longer. This decrease in the thickness of Al4Sr 
phase was also noticeable in the AI-1 % Mg alloy containing 500 ppm strontium, as 
shown in Figure 6.86. 
Figure 6.85 Backscattered electron micrograph of the surface morphology of 
AI-0.5% Mg -500 ppm Sr alloy after 1 hour oxidation. 
Figure 6.86 Backscattered electron micrographs of the cross sectional view of AI-1 % Mg 
-500 ppm Sr alloy after 1 hour oxidation. 
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Secondary (a) and backscattered (b) electron micrographs of the surface 
morphology of the same alloy are shown in Figure 6.87. Elemental scans of the top oxide 
layer made by EDS analysis revealed the presence Mg and 0 in the oxide. The A4Sr 
phase was not detected through the MgO layer; however, it could be detected along the 
cracks formed during solidification of the melt. 
(a) (b) 
Figure 6.87 Secondary (a) and backscattered (b) electron micrographs of the surface 
morphology of AI-l % Mg -500 ppm Sr alloy after 1 hour oxidation. 
Figure 6.88 Backscattered electron micrograph of the cross sectional view of the surface 
of AI-5% Mg -500 ppm Sr alloy after 1 hour oxidation. 
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The Al4Sr phase undemeath the top MgO layer along the surface (Figure 6.88) 
and the porosities fonned at the oxide-metal interface (Figure 6.89) were established by 
analyzing the cross-sectional view of the AI-5% Mg alloy containing 500 ppm strontium 
oxidized 1 hour. The top MgO layer detected by EDS analysis exhibited a dense and 
coherent oxide on the alloy surface, and the oxide cracks fonned during the solidification 
of the melt helped to observe the Al4Sr phase from the top of the sample, as shown in 
Figure 6.90. 
Figure 6.89 Cross sectional view of AI-5% Mg -500 ppm Sr alloy after 1 hour oxidation 
showing the gas porosity on the surface. 
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(a) (b) 
Figure 6.90 Secondary electron micrograph of the top MgO layer (a) and backscattered 
electron micrograph showing the A4Sr phase along the crack (b) on the 
surface of AI-5% Mg -500 ppm Sr alloy after 1 hour oxidation. 
The backscattered electron micrograph of the cross-sectional view of AI-0.5% Mg 
alloy containing 1000 ppm strontium oxidized 1 hour is shown in Figure 6.91, and the 
secondary and backscattered electron micrographs of the surface morphology of the same 
alloy are shown in Figure 6.92. The image give the same kind of information as obtained 
with the same Al-Mg alloys containing 250 and 500 ppm strontium. The A4Sr phase is 
present at the oxide-melt interface, and due to no spinel formation, a dense MgO layer 
covered the melt surface. 
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Figure 6.91 Backscattered electron micrograph of the cross sectional view of AI-0.5% 
Mg -1000 ppm Sr alloy after 1 hour oxidation. 
(a) (b) 
Figure 6.92 Secondary (a) and backscattered (b) electron micrographs of the surface 
morphology of AI-0.5% Mg -1000 ppm Sr alloy after 1 hour oxidation. 
Similar micro structural characteristics were observed for the Al-1 % Mg alloy 
containing 1000 ppm strontium after 1 hour oxidation as shown in Figures 6.93 and 6.94. 
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The thickness of the Al4Sr layer was thinner than that observed at the oxide-metal 
interface of the same alloy after 48 hour oxidation. 
Figure 6.93 Backscattered electron micrograph of the cross sectional view of AI-l % Mg -
1000 ppm Sr alloy after 1 hour oxidation. 
(a) (b) 
Figure 6.94 Secondary (a) and backscattered (b) electron micrographs of the surface 
morphology of AI-1 % Mg -1000 ppm Sr alloy after 1 hour oxidation. 
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The results obtained by analyzing the cross-sections of an AI-5% Mg alloy 
containing 1000 ppm strontium did not differ from those obtained with the same alloy 
containing 250 and 500 ppm strontium, as shown in Figures 6.95 and 6.96. The gas 
porosity and the Al4Sr phase were again present undemeath the oxide layer. The charging 
effect seen in the secondary electron micrograph of the oxide layer indicates a thicker 
oxide due to the higher magnesium content in the alloy, resulting in a thicker MgO layer, 
as seen in Figure 6.97. In addition, A4Sr islands were found in the base alloy in a crack 
formed during the solidification ofthe melt. 
Figure 6.95 Backscattered electron micrograph of the cross sectional view of AI-5% Mg-
1000 ppm Sr alloy after 1 hour oxidation. 
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Figure 6.96 Backscattered electron micrograph of the cross sectional view of AI-5% Mg 
-1000 ppm Sr alloy after 1 hour oxidation showing the gas porosity on the 
surface. 
(a) (b) 
Figure 6.97 Secondary electron image of the top MgO layer (a) and backscattered 
electron micrograph showing the Al4Sr phase along the crack (b) on the top 
of AI-5% Mg -500 ppm Sr alloy after 1 hour oxidation. 
7. SPHERICAL STRUCTURE IN AI-Mg-Sr ALLOY 
MORPHOLOGY 
In this section, the morphology of the as-cast and oxidized samples will be 
considered, and the effect of temperature, time and other possible effects on these 
morphologies will be outlined. The results are compared with those found in the 
literature. The possible reasons for the formation of these morphologies will be explained 
in detail in the discussion chapter. 
Figure 7.1 Droplet observed in the as-cast structure of AI-O.5% Mg-500 ppm Sr alloy. 
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As can be seen in Figures 7.1 and 7.2, spherical shapes were found in the as-cast 
structure of the Al-Mg alloys containing strontium. These regions were about 5-6 microns 
in diameter and always spherical. Random sections from the as-cast structure of the AI-
0.5% Mg alloy containing 500 ppm strontium aIl showed the same kind of spherical 
shapes as depicted in Figure 7.3. Increasing the amount of strontium in the alloy did not 
have a significant effect on their size, as shown in Figure 7.4; however, their number was 
found to be higher throughout the as-cast structure in comparison with the same alloy 
containing 500 ppm strontium. The strontium containing phase was also found at the 
grain boundaries of the as-cast structure, as seen in Figure 7.5. 
Figure 7.2 Low magnification micrograph showing the droplets observed in the as-cast 
structure of AI-0.5% Mg-500 ppm Sr aIloy. 
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Figure 7.3 High magnification micrograph showing the drop lets observed in the as-cast 
structure of AI-O.5% Mg-500 ppm Sr alloy. 
Figure 7.4 Droplets observed in the as-cast structure of AI-O.5% Mg-lOOO ppm Sr alloy. 
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Figure 7.5 The eutectic phase at the grain boundary of as-cast AI-0.5% Mg-IOOO ppm Sr 
anoy. 
In the literature, similar spherical shapes have been defined as "isolated pockets of 
liquids in a solid", due to incipient melting. It was found using different anoy systems 
that similar equilibrium shapes were obtained by annealing the anoy at a temperature in 
the solid-plus-liquid region, then quenching them to the room temperature. It was 
observed by randomly sectioning the anoy and examining the microstructure that the 
primary phase nuc1eated and grew within the drop let interior and c1early delineated the 
equilibrium shape. Sorne anoy systems found to have isolated liquid drop lets in the solid 
are Cu-Pb, Cu-Bi, Al-Sn, Bi-Cd, Sb-Pb and Cd-Zn. [69-72] It was also noted by Miller and 
Chadwick [73] that most of the zinc-based anoys were found to have drop lets within grain 
interiors even after normal casting operations. 
The same kind of morphology was observed in the AI-0.5% Mg anoy containing 
500 ppm strontium after 48 hour oxidation, as seen in Figures 7.6 and 7.7. Although most 
of these liquid drop lets were spherical, oval and foot-print like shapes were also found 
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occasionalIy. AlI these Iiquid drop lets were clearly delineated as shown in these 
rnicrographs. Sorne A4Sr phase was aiso found at the grain boundaries of the same alloy 
as shown in Figure 7.6 (b). 
(a) (b) 
Figure 7.6 Backscattered electron rnicrographs showing the drop let (a) and the eutectic 
phase at the grain boundary (b) in the of AI-O.5% Mg-500 pprn Sr alloy after 
48 hour oxidation. 
(a) (b) 
Figure 7.7 Backscattered electron rnicrographs showing the foot-print like droplet (a) and 
the boundaries delineating the drop let (b) in the of AI-O.5% Mg-500 pprn Sr 
alloy after 48 hour oxidation 
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Figure 7.8 shows the backscattered electron micrographs of the AI-I % Mg alloy 
containing 500 ppm strontium after 48 hour oxidation. The size and shape of the spherical 
structure did not differ much in comparison with those observed in the alloys containing 
500 ppm strontium. However, a few of them were quite large, e.g. more than 10 microns 
in diameter, as shown in Figure 7.9. As can be seen in the high magnification micrograph 
of an AI-l % Mg-l 000 ppm Sr alloy (Figure 7.9), the inside of the liquid drop let consisted 
of dendrite-like structure growing in different directions. 
(a) (b) 
Figure 7.8 Backscattered electron micrographs showing the liquid droplets in the Al-
1% Mg-500 ppm Sr alloy after 48 hour oxidation at high magnification (a) 
and at low magnification (b). 
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(a) (b) 
Figure 7.9 Backscattered electron micrographs showing the liquid drop let in the Al-l % 
Mg-I000 ppm Sr alloy after 48 hour oxidation at low magnification (a) and at 
higher magnification (b). 
As shown in Figure 7.10, these liquid droplets were also present in the AI-0.5% 
Mg alloy containing 500 ppm strontium after 1 hour of oxidation. It was observed that the 
size and the shape of the droplets did not differ with the oxidation time. In addition, A14Sr 
phase was found in the same alloy at the grain boundaries, c1early delineating the borders 
of the grains, as shown in Figure 7.11. Another liquid droplet nuc1eated in the Al-l % Mg 
alloy containing 1000 ppm strontium is shown in Figure 7.12, after 1 hour oxidation. 
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Ca) (b) 
Figure 7.10 Backscattered electron micrographs showing the liquid drop lets in the Al-
AI-O.5% Mg-500 ppm Sr alloy after 1 hour oxidation at high magnification 
Ca) and at low magnification (b). 
Figure 7.11 Eutectic A14Sr phase delineating the grain in the AI-O.5% Mg-IOOO ppm Sr 
alloy after 1 hour oxidation. 
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(a) (b) 
Figure 7.12 Backscattered electron micrographs showing the liquid droplet at low 
magnification (a) and higher magnification (b) in the Al-l% Mg-lOOO 
ppm Sr alloy after 1 hour oxidation. 
Several annealing tests were performed on both Al-l %Mg alloy containing 500 
ppm strontium and 90Al-I0Sr master alloy in order to find the nuc1eation conditions of 
the liquid drop lets and to find whether these spherical structures were formed at strontium 
amounts as high as 10%. The alloy was poured into a pre-heated (500°C) graphite mold 
having a capacity of 1 kg. In this case, cooling down to room temperature required about 
three hours due to the thick walls of the mold. A second set of experiments was 
performed with a smaller copper mold having a capacity of 50 g to ensure fast cooling of 
the alloy. Sorne ofthese fast-cooled alloys were also quenched immediatly after casting. 
The microstructure of this vertically-sectioned as-cast Al-l % Mg alloy containing 
500 ppm strontium is shown in Figure 7.13. It can be c1early seen that the size of the 
liquid drop lets are much smaller than those obtained with the same alloy when cast in the 
pre-heated graphite mold. The horizontally sectioned micrographs of the same alloy are 
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shown in Figure 7.14. The average size ofthese liquid drop lets was about 2-3 microns in 
diameter when cast into smaller copper molds for fast cooling. 
Figure 7.13 Backscattered electron micrographs showing the liquid drop lets formed in 
the copper mold cast AI-1 % Mg-SOO ppm Sr alloy (vertically sectioned). 
Figure 7.14 Backscattered electron micrographs showing the liquid droplets formed in 
the copper mold cast AI-1 % Mg-500 ppm Sr alloy (horizontally sectioned). 
Figure 7.15 shows the micrographs of the quenched Al-1 % Mg alloy containing 
500 ppm strontium after being cast into a copper mold. The size of the drop lets was even 
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smaller than those observed with the air-cooled alloy. The horizontally sectioned 
micrographs of the same quenched alloy are shown in Figure 7.16. 
Figure 7.15 Backscattered electron micrographs showing the liquid droplets formed in 
the copper mold cast AI-l % Mg-SOO ppm Sr alloy (vertically sectioned-
quenched). 
Figure 7.16 Backscattered electron micrographs showing the liquid drop lets formed in 
the copper mold cast Al-l % Mg-SOO ppm Sr alloy (horizontally sectioned-
quenched). 
As mentioned before, this kind of spherical structure is reported to be found by 
annealing various alloys at a temperature between the solidus-liquidus temperature. 
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Annealing experiments were performed on the copper mold cast AI-Mg-Sr alloys in order 
to compare the annealing effect with the previously observed ones. The annealing 
temperatures chosen for the 90AI-I0Sr master alloy and Al-l % Mg alloy containing 500 
ppm strontium were 645 and 657°C. The first temperature was slightly under the eutectic 
freezing point and the latter was between the solidus and liquidus lines of the Al-Sr alloy. 
Figure 7.17 shows the micrograph of the 90AI-lOSr master alloy structure before 
annealing, and Figure 7.18 shows the same master alloy after 1 hour annealing at 645°C. 
The microstructure of the original alloy showed the presence of very large primary A4Sr 
dendrites and lamellar eutectic of AI4Sr. After 1 hour annealing, the faceted primary 
phase began to fragment. 
Figure 7.17 The morphology of as-cast 90AI-l OSr Master alloy. 
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Figure 7.18 The morphology of90AI-lOSr master alloy annealed @645 for 1 hour. 
The backscattered electron micrographs of the 90AI-I0Sr master alloy after 5 
hours annealing at 645°C is shown in Figure 7.19. The microstructure was very different 
from that obtained after 1 hour annealing. The primary A4Sr dendrites were aIl 
spherodized, and the round shapes inside them had aIl disappeared. Very fine lamellar 
eutectic phases were also observed around the primary phases. It was noticeable that there 
was no lamellar eutectic phase around the primary dendrites, probably due to the inverse 
diffusion effect of aluminum in the dendrite and strontium in the melt, resulting in the 
diffusion of the strontium toward the primary A4Sr and the diffusion of aluminum toward 
the aluminum phase. 
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Figure 7.19 The morphology of90AI-lOSr master alloy annealed @645 for 5 hours. 
The backscattered electron micrograph of the 90AI-I0Sr master alloy annealed 1 
hour at 657°C depicted in Figure 7.20 showed a different morphology than the one 
observed at 645°C. The primary dendrites were aIl spherodized and surrounded by very 
fine lamellar eutectic of A4Sr phase. Similar to the 5-hour annealed at 645°C, the master 
alloy morphology obtained after 5 hour annealing at 657°C revealed large spherical but 
faceted primary A4Sr surrounded by aluminum and A4Sr eutectic phase, as shown in 
Figure 7.21. AlI the results obtained by annealing the 90AI-I0Sr master alIoy at different 
temperatures and times c1early showed that, due to their morphology, there was no liquid 
drop let formation. 
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Figure 7.20 The morphology of90AI-10Sr master alloy annealed @657 for 1 hour. 
Figure 7.21 The morphology of 90AI-l OSr master alloy annealed @657 for 5 hours. 
The morphology of the as-cast and fast cooled Al-l %Mg alloy containing 500 
ppm strontium after 1 hour annealing at 645°C is shown in Figure 7.22. The liquid 
drop lets in the alloy appeared to become rounded and coagulated; however, their size did 
not change much after I-hour annealing. After annealing the same alloy for 5 hours, the 
droplets were found to be dissolved into the alloy and the eutectic phase was found at the 
grain boundaries after the solidification of the melt, as shown in Figure 7.23. 
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Figure 7.22 Backscattered electron micrograph showing the Al-l %Mg-500 ppm Sr alloy 
annealed @645 for 1 hour. 
Figure 7.23 Backscattered electron micrograph showing the Al-l %Mg-500 ppm Sr alloy 
annealed @645 for 5 hours. 
Annealing the same alloy at 657°C for 1 hour and analyzing the microstructure 
clearly revealed that the liquid drop lets were aIl dissolved and disappeared in the alloy 
morphology, as shown in Figure 7.24. After 5 hours annealing, there was no liquid 
drop let in the alloy and the Al4Sr phase was observed at the grain boundaries after 
solidification (Figure 7.25). 
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Figure 7.24 Backscatlered e1ectron micrograph showing the AI-1 %Mg-500 ppm Sr alloy 
annealed @657 for 1 hour. 
Figure 7.25 Backscatlered electron micrograph showing the AI-1 %Mg-500 ppm Sr alloy 
annealed @657 for 5 hours. 
The 90AI-10Sr master alloy was also diluted to 0.5% strontium in order to observe 
the minimum strontium amount required to form liquid drop lets in the alloy. The alloy 
was again cast into the copper molds for fast cooling and sorne samples were also 
quenched after being removed from the mold. Figures 7.26 and 7.27 show the 
backscatlered electron micrographs of the morphology of the diluted and as-cast master 
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alloy. The fine lamellar eutectic at the grain boundaries can be clearly observed along 
with sorne very tiny liquid drop lets at both cell boundaries and inside the cells. 
Figure 7.26 Backscattered electron rnicrograph showing the diluted 90AI-IO Sr alloy 
rnorphology (air cooled). 
Figure 7.27 Backscattered electron rnicrograph showing the diluted 90AI-IO Sr alloy 
rnorphology (air cooled). 
The same interdendritic network of the eutectic phase at grain boundaries of the 
diluted 90AI-IOSr rnaster alloy was also observed in the rnorphology of the quenched 
sarnples. Again, the spherical structures were found both at grain boundaries and inside 
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the grains and their size was about 1-2 microns in diameter, as shown in Figures 7.28 and 
7.29. 
Figure 7.28 Backscattered electron micrograph showing the diluted 90AI-I0 Sr alloy 
morphology (quenched). 
Figure 7.29 Backscattered electron micrograph showing the diluted 90AI-I0 Sr alloy 
morphology (quenched). 
8. DISCUSSION 
8.1 Oxidation of Aluminum-Magnesium Alloys 
The results obtained by thermogravimetric and microstructural analysis in this 
research on the high temperature oxidation of Al-Mg alloys are in a good agreement with 
the previous results found by other researchers. [17,18,26-28,30-32,34] The oxidation kinetics 
of AI-O.5%, 1% and 5% Mg alloys obtained by thermogravimetric analysis (Figure 5.1) 
clearly showed three different oxidation stages for each of these alloys: an incubation 
period followed by linear oxidation as a result of the failure of the oxide layer, and a final 
parabolic oxidation stage in which the rate of oxidation dropped with time. As seen from 
Figure 5.1 and Table 5.1, the total weight gain of the three Al-Mg alloys is found to be 
proportional to the magnesium content in the alloy. In addition, it is also believed that 
higher magnesium contents in the AI-I % Mg alloy resulted in a late breakaway oxidation 
behavior in comparison with the AI-O.5% Mg alloy, which is probably due to a thicker 
oxide layer on the alloy surface providing higher mechanical resistance to failure. 
The oxidation kinetics observed with the AI-5% Mg alloy showed a different 
behavior from the other two alloys, possibly due to the evaporation of magne sium causing 
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gas porosity at the oxide-metal interface, as seen in Figure 5.4. These gas pores are 
believed to be responsible for an early breakaway oxidation and failure of the oxide layer. 
The microstructural analysis from the surface and cross-sectional view of the 
oxidized samples showed that the main oxide layer on the anoy surface was in the fonn of 
MgO. AIso, a variety of sizes and shapes of spinel crystals were found at the metal-oxide 
interface of AI-O.5 and 1 % Mg anoys after 48 ho urs oxidation. The spinel phase was in 
the fonn of a thick layer (~200 microns) beneath the MgO in the AI-5% Mg anoy, as 
shown in Figure 6.12. The fonnation of MgO on the anoy surface and spinel crystals at 
the oxide-metal interface has been reported previously. [17, 18,26-28,30-32,34] Impey et al. 
suggested that the top MgO layer was fonned by both the reduction of the first fonned 
y-Ah03 by magnesium, and the fonnation of primary magnesia crystals at the oxide-
metal interface. [17, 18] However, these primary and secondary magnesia crystals were 
detected at low temperatures (300-400°C) and using advanced analysis techniques such as 
TEM. As a result, it was not possible to detect those magnesia crystals at 750°C by SEM 
in this study because of the higher experiment temperature and longer exposures to 
oxygen. On the other hand, the MgO layer and spinel crystals were both detected by EDS 
and low-angle XRD analysis of the anoy surfaces, as shown in Chapter 6. 
A schematic illustration of the different stages of oxidation of AI-O.5 and 1 % Mg 
anoys based on the thennogravimetry and micro structural analysis of both 48 hour and 
interrupted experiments is shown in Figure 8.1. MgO covered the anoy surface at the 
early stages of oxidation (a) by migration of magnesium atoms to the alloy surface. This 
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migration continued due to the activity gradient of magnesium. Simultaneously, oxygen 
ions diffused through the MgO layer and reached the oxide-metal interface, favoring the 
formation of spinel crystals (b) which grew with time (c). The growth of spinel crystals 
toward the surface caused stresses and resulted in failure of the tirst formed MgO layer 
and breakaway oxidation (d) as also reported by Irnpey et al. [17, 18] Linear oxidation 
continued by further growth of spinel crystals and escape of magnesium vapor through 
the cracks. Finally, most of the magne sium metal was depleted in the alloy and the 
growth of spinel crystals slowed down. Moreover, the path of diffusion for oxygen ions 
increased as the MgO layer thickness augmented with time. As a result, parabolic 
oxidation occurred in the later stages of the oxidation experiments. 
It was mentioned that sorne conditions had to be met in order to favor spinel 
formation, such as the magne sium concentration in the alloy, [20,31,32] and the presence of 
oxygen. It is not surprising to see that spinel forms at the oxide-metal interface, where 
most of the magnesium metal is already depleted by the formation of MgO. [17,18,20,30-32] 
The presence of the spinel crystals at the oxide-metal interface also makes the oxide layer 
non-uniform due to their shapes. [26] The results of both the 48 hour and interrupted tests 
showed that spinel crystals increased in number and size with time until those crystals 
covered the whole surface ofthe alloy beneath the MgO layer. 
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Figure 8.1 Schematic illustrations of the oxidation of AI-O.5 and 1 % Mg alloys 
(a) diffusion of Mg2+ ions toward the surface and inward diffusion of 0 2-
ions through the oxide layer (b) nuc1eation of spinel crystals at the oxide-
metal interface (c) growth of spinel crystals causing cracking of the oxide 
layer and (d) the rough surface of the alloy after solidification. 
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Low angle XRD analysis of AI-0.5% and Al-l % Mg alloys was also performed to 
characterize the compounds on the surface of both alloys, and the results are depicted in 
Figure 6.11. X -ray patterns obtained by this method revealed that spinel (MgAh04) and 
MgO were both c1early identified along with the aluminum metal. These results are in 
good agreement with the ones obtained using the EDS technique. It was not possible to 
obtain a consistent low-angle X-ray pattern for the AI-5% Mg alloy due to the extremely 
rough surface, caused by the low boiling point of magnesium creating gas bubbles at the 
oxide-metal interface. 
The AI-5% Mg alloy showed a very different oxidation behavior from its low 
magnesium containing counterparts. The higher magnesium content caused the 
evaporation and bubbling effect, resulting in an early breakaway oxidation and formation 
of a thicker spinellayer. 
8.2 Mechanism of Oxidation of Aluminum-Magnesium Alloys 
Containing Strontium. 
As seen from the thermogravimetric analysis results, the effect of strontium on the 
oxidation behavior of Al-Mg alloys used in this study was dramatic, especially in the case 
of AI-0.5 and 1% Mg alloys. The total oxidation weight gain was reduced by 97-98% 
even with 250 ppm strontium addition to the alloy. The reason for this surprising drop in 
the total oxidation weight may be found in the micro structural analysis results ofboth the 
interrupted and 48 hour oxidized specimens. 
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A schematic illustration of the oxidation of A1-0.5 and 1 % Mg alloys containing 
strontium based on the thermogravimetry and micro structural results of both 48 hour and 
interrupted experiments is shown in Figure 8.2. As observed in Chapter 6, the presence of 
this Sr-enriched phase at the experimental temperature prevented the formation of spinel 
crystals, thus the stress formation on the oxide layer and its failure. The A4Sr phase was 
present beneath the surface MgO layer after the solidification of the metal. Due to their 
high reactivities, magnesium and strontium atoms diffuse toward the surface of the alloy 
in the oxidizing environment (a). However, as the reactivity ofmagnesium is higher than 
that of strontium, it forms an oxide layer ofMgO on the metal surface (b). Strontium does 
not reduce magnesium to form srO nor diffuse into the MgO to form a complex oxide. 
Therefore, strontium accumulates at the oxide-metal interface, and forms a Sr-enriched 
liquid region, which transforms into A4Sr after solidification (c and d). This reduces the 
activity of magnesium at the oxide-metal interface, and forms a barrier for the oxygen 
ions preventing them from diffusing inward to form spinel. Another possible explanation 
could be the formation of floating Al4Sr c1usters at the oxide-metal interface. However, as 
seen from the Al-Sr phase diagram in Figure 8.3, at 750°C, the amount of Sr 
corresponding to this temperature at the liquidus is 10%. When we consider the very low 
additions used in this work, the formation of c1usters at that temperature seems to be a 
very low probability. 
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Figure 8.2 Schematic illustrations of the oxidation of AI-O.5 and 1 % Mg alloys 
containing strontium: (a) diffusion of Mg and Sr atoms toward the surface 
and inward diffusion of 0 2- ions through the oxide layer, (b) formation of 
MgO layer on the top of the alloy, (c) formation of the Sr-enriched liquid 
layer at experimental temperature, preventing the spinel nuc1eation, and (d) 
formation of the Al4Sr phase beneath the MgO layer after solidification. 
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The standard free energy versus temperature diagram constructed usmg the 
FactSage thermodynamic program database [74] for the formation of both MgO and srO 
from room temperature to 750°C, is shown in Figure 8.4. It can be clearly seen that the 
lines showing standard free energy changes for both reactions are very close to each 
other. However, the standard free energy of formation of MgO is slightly more negative 
than that of srO, and both curves approach each other as the temperature increases. 
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According to the data obtained from the FactSage software, the standard free 
energy of formation ofMgO at 750°C is -967,914 joules, and the standard free energy of 
formation of srO at 750°C is -966,412 joules. [74] Admittedly these two numbers are very 
close to each other, but as the thermodynamics would predict and micro structural analysis 
showed no evidence of strontium in the oxide structure, which was entirely in the form of 
MgO. Another reason why the top oxide layer consisted of MgO could be explained by 
the fact that at lower temperatures, the free energy of formation of MgO is even more 
negative than that of SrO. Although vacuuming and flushing procedures were done to a 
certain extent before the oxidation experiment, there is still enough oxygen to oxidize the 
alloy. For this reason, sorne of the MgO layer on the top of the alloy could be formed 
before starting the oxidation experiment at 750°C. 
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Figure 8.4 Diagram illustrating the free energy change with temperature of the oxides 
MgO and srO. [74] 
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The low angle XRD patterns for AI-O.5 and 1 % alloys containing 250 ppm 
strontium are shown in Figure 8.5. The only phases ohserved were aluminum and MgO. 
The Al4Sr phase could not he detected due to the very low concentration of strontium in 
the alloy and Al4Sr at the oxide-metal interface. On the other hand, comparing the low 
angle XRD patterns of AI-0.5% Mg alloys with and without 250 ppm strontium addition 
clearly showed that when strontium was present in the alloy, the spinel (MgAh04) peaks 
all disappeared, as ohserved in Figure 8.6. 
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Figure 8.5 Low angle XRD patterns of AI-0.5 and 1 % Mg containing 250 ppm Sr. 
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Figure 8.6 Comparison of the low angle XRD patterns of AI-O.5% Mg alloys with and 
without 250 ppm strontium addition. 
When the strontium content in the alloy was increased from 250 to 500 ppm, it 
allowed the detection of the Al4Sr phase along with the aluminum and MgO phases, as 
seen in Figure 8.7. As expected, the Al4Sr peaks were not very high, due to the very thin 
layer formed at the oxide-alloy surface, making it difficult to collect enough peak 
intensity. The low angle XRD patterns of AI-0.5 and 1 % Mg alloys containing 1000 ppm 
strontium also confirmed the presence of Al4Sr phase, MgO and aluminum, as shown in 
Figure 8.8. The EPMA results from the strontium-rich phase at the oxide-metal interface 
also verified the presence of A4Sr, giving an average atomic composition between 78.8 
and 79.5% of Al and 20.2-21 % Sr. Trace amounts of Si were also found in the Al4Sr 
phase, probably due to the high silicon content of the 90AI-lOSr master alloy; however, 
no Si was detected in the matrix. 
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Figure 8.7 Low angle XRD patterns of AI-0.5 and 1 % Mg containing 500 ppm Sr. 
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Figure 8.8 Low angle XRD patterns of AI-0.5 and 1 % Mg containing 1000 ppm Sr. 
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As shown in Chapter 6, the Al4Sr phase found beneath the oxide layer is not 
always continuous and its continuity is proportional to the amount of Sr in the alloy, e.g. 
in alloys having higher Sr content, the continuity of Al4Sr is greater. Although it was 
proven by the oxidation results that Sr additions prevented the breakaway oxidation, one 
might consider the formation of spinel crystals where there is no Al4Sr coverage beneath 
the MgO layer. Figure 8.9 shows the micrographs taken from the top of the (a) AI-0.5% 
Mg and (b) AI-1 % Mg both containing 250 ppm Sr. It can be c1early seen that the surface 
of the AI-0.5% Mg-250 ppm Sr alloy does not contain spinel crystals; however, spinel 
crystals are present on the top surface of AI-l % Mg-250 ppm Sr alloy. The same effect 
was seen in the case of AI-0.5% and AI-1 % Mg alloys both containing 500 ppm Sr, as 
shown in Figure 8.10. When the Sr content in the alloy was 1000 ppm, the number of 
spinel crystals decreased sharply, as depicted in Figure 8.11. 
(a) (b) 
Figure 8.9 Top Vlews of the surface of (a) AI-0.5% Mg and (b) AI-1% Mg both 
containing 250 ppm Sr. 
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(a) (b) 
Figure 8.10 Top views of the surface of (a) AI-0.5% Mg and (b) Al-l % Mg both 
containing 500 ppm Sr. 
(a) (b) 
Figure 8.11 Top views of the surface of (a) AI-0.5% Mg and (b) Al-l % Mg both 
containing 1000 ppm Sr. 
As is evident in Figures 8.9, 8.10 and 8.11, spinel crystals could onlybe found in 
the Al-l % Mg alloys containing different amounts of Sr. The reason for this could be the 
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depletion of Mg in the alloy during the oxide film formation. In the case of AI-0.5% Mg 
alloy, less Mg will remain after the formation of MgO on the top surface of the alloy, 
therefore there will be less Mg available for the formation of spinel. For the AI-1 % Mg 
alloy, the amount of the Mg available for the formation of spinel will be higher. The 
average area fractions of the spinel phase taken from several micrographs having the 
same magnification are summarized in Table 8.1. As can clearly be seen from the Table 
8.1, the average area fraction of spinel on the MgO layer is higher with the lowest Sr 
content, and decreases by increasing the Sr content in the alloy. 
Table 8.1 The area percentages of spinel phase on different Sr containing AI-1 % Mg 
alloys. 
AI-1% Mg 
Alloy 
250ppmSr 500ppmSr lOOOppmSr 
Area Percentage (%) 17.02 7.84 0.79 
(a) (b) 
Figure 8.12 Backscattered electron micrographs of the cross-sectional view of the surface 
(a) and microstructure (b) of AI-SOO ppm Sr alloy after 1 hour oxidation. 
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Oxidation experiments were also conducted on the AI-SOO ppm Sr alloys in order 
to compare the reactivity of strontium when magnesium is not present in the alloy. As 
shown in Figure 8.12, the A4Sr phase was still present at the oxide-metal interface after 1 
hour oxidation. In addition, sorne Al4Sr phase was also found at the grain boundaries after 
solidification of the alloy. 
Figure 8.13 shows the backscatlered (a) and secondary electron (b) micrographs of 
the cross-sectional view of the surface of AI-SOO ppm Sr alloy after 48 hour oxidation. 
The Al4Sr phase was still found at the oxide-alloy interface, covering almost the whole 
interface beneath the oxide layer. The EDS analysis result of the Sr-rich phase shown in 
Figure 8.14 also confirmed the presence Sr, giving an atomic ratio of AI:Sr = 4: 1. 
The analysis from the top surface of the AI-SOO ppm Sr alloy showed a different 
characteristic from that of Al-Mg alloys containing Sr alloys. In the case of the AI-SOO 
ppm Sr alloy, the top oxide layer was in the form of a mixture of both aluminum and 
strontium oxides, as seen in Figure 8.15, and as revealed by the EDS analysis results from 
different areas of the oxide layer shown in Figure 8.16. The strontium-ri ch phase in the 
oxide corresponds to the brighter areas on the alloy surface in Figure 8.15. These results 
c1early show that in the absence of magnesium in the alloy, strontium diffuses to the 
surface of the alloy and into the oxide layer forming a complex oxide with aluminum. 
Another possibility to explain the presence of Sr in the oxide layer in the case of 
AI-SOO ppm Sr alloy is that, as mentioned previously in the literature review, at lower 
temperatures and ear1y stages of oxidation of Al-Mg alloys, it was found that the first 
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oxide layer was in the form of y-Alz03• Sr could have diffused toward the surface and 
reduced the tirst formed y-Alz03. However, the low amount of Sr in the alloy could he 
insufficient to reduce aIl the y-Alz03, as most of Sr forms an enriched liquid layer which 
transforms to A4Sr upon solidication. As a result, the top oxide layer of AI-500 ppm Sr 
alloy is not uniform in chemical composition and contains hoth Al-rich and Sr-rich 
oxides, as shown in Figure 8.15. 
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(a) (b) 
Figure 8.13 Backscattered (a) and secondary electron (b) micrographs of the cross-
sectional view of the surface of AI-500 ppm Sr alloy after 48 hour oxidation. 
Figure 8.14 EDS analysis result from the Sr-rich phase at the oxide-metal interface of AI-
500 ppm Sr alloy. 
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Figure 8.15 Backscattered electron image of the top view of the surface of AI-SOO Sr 
alloy 
(a) (b) 
Figure 8.16 EDS analysis results from the Al-rich (a) and Sr-rich (b) areas of the top 
surface of AI-500 ppm Sr alloy. 
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In order to predict the thickness of the oxide layer for an Al-Mg alloy containing 
strontium, EDS analyses of the same sample were taken from the same spot at both 3 and 
5 keV. Then, using the Monte-Carlo simulation pro gram, the thickness of the oxide scale 
was estimated by the simulation of the interaction volume of the beam in the bulk MgO. 
As seen in Figure 8.17 (a), when an accelerating voltage of 3 keV is used, the only 
elements detected by EDS analysis were Mg and 0, meaning that the beam interacted 
only with the MgO on the surface of AI-1 % Mg alloy containing 250 ppm Sr. On the 
other hand, when 5 keV is used as the accelerating voltage, both Al and Mg from the 
alloy were detected (Figure 8.17(b ». The Mg peak was the highest, proving that 
magnesium was collected from both the bulk MgO and the oxide-metal interface, thus 
reducing the overall intensity of the 0 peak. 
The interaction volume simulation by the Monte-Carlo pro gram is shown in 
Figure 8.18. The depth of the interaction is found to be approximately 150 nm, when an 
accelerating voltage of 3 keV is used (Figure 8.18 (a». At 5 keV, the depth of the 
interaction was about 300 nm, as seen in Figure 8.18 (b). Using this approach, the 
thickness of the bulk MgO layer on the surface of AI-1 % Mg alloy containing 250 ppm Sr 
could be estimated as between 150-300 nm. 
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(a) (b) 
Figure 8.17 EDS analysis comparison from the oxide layer on the surface of Al-l %Mg-
250 ppm Sr alloy at 3 keV (a) and 5 keV (b). 
(a) (b) 
Figure 8.18 Interaction volume simulation comparison from the oxide layer on the 
surface of AI-l%Mg-250 ppm Sr alloy at 3 keV (a) and 5 keV (b) obtained 
by Monte-Carlo simulation pro gram. 
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The oxidation behavior and mechanism of the Al-Mg alIoys containing strontium 
used in this study are found to be totally different from those obtained using Al-Si-Sr 
alIoys. [64-68] As was previously reported, Dennis et al. proposed that the formation of Sr-
containing oxides on the surfaces ofboth 413 and A356 alloys, such as SrA407, SrSi03 
and SrAh04 created a protective layer below the first-formed MgO and prevented further 
oxidation. [65,66] The same hypothesis is also supported by Yuen et al. However, the 
micro structural analysis results observed in Chapter 6 showed that the first formed MgO 
layer on the surface of Al-Mg alloys with and without strontium did not show any 
evidence of strontium in the oxide scale. This can be considered as a further proof of the 
higher reactivity ofmagnesium in comparison with strontium. 
It is c1ear that the formation of a Sr-enriched layer beneath the top MgO layer 
made a big impact on the oxidation behavior of the Al-Mg alIoys used in this study. AlI 
the figures shown in results section are the solidified structure of the alloys. However, the 
oxidation experiments were carried out at a temperature at which the base metal was in 
the liquid state (750°C) and the effect of the Sr on the oxidation behavior must be 
explained considering this temperature. According to the Al-Sr phase diagram shown in 
Figure 8.3, in order that A4Sr phase occurs at the test temperature, 10 weight % strontium 
metal is needed. However, considering the very low strontium additions into the Al-Mg 
alloys, this is very unlikely to happen. Therefore, a highly Sr-enriched liquid phase, rather 
than a solid AI4Sr, is likely to be formed on the surface of the alIoy beneath the top MgO. 
Although the effect is not fully understood, it is c1ear that the formation of this Sr-
enriched liquid phase eliminates the formation of spinel by reducing the amount of areas 
available for the nuc1eation of spinel crystals, resulting in the poisoning of most of the 
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spinel nuc1eation sites. When the specimen solidifies, strontium reacts with aluminum to 
form Al4Sr that is mostly seen beneath the first formed top MgO layer and corroborates 
the segregation of surface active Sr to the interface during the high temperature oxidation. 
As shown in Figures 8.9, 8.10 and 8.11, sorne spinel formation can also be seen 
when the Sr-enriched liquid phase was unable to cover aIl the surface beneath the MgO 
layer. Theoretically, assuming that all the 250 ppm strontium, which is the minimum 
addition used in this research, surrounds aIl the surface of the test specimen, and reacts 
with aluminum to form AI4Sr, the thickness of this layer would be about 182-189 microns 
(see Appendix A). Hence, this calculation proves that the A14Sr phase can theoretically 
cover the whole surface of the sample even with the minimal amount of strontium in the 
alloy. However, the actual observed thickness of the A4Sr phase on the surface of the 
alloy was only a few microns, indicating that most of the strontium is either dissolved in 
solid solution or at the grain boundaries (Figure 8.12(b ». 
8.3 Formation of Spherical Constituents in the Aluminum-
Magnesium Alloys Containing Strontium 
As mentioned earlier in Chapter 7, microscopic analysis of the microstructure of 
Al-Mg alloys containing strontium revealed the presence of a spherical constituent 
containing an Al-Sr phase. This section will briefly summarize the reason for its 
formation and what kinds of conditions favor formation and their shape. 
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These equilibrium shapes are observed when the binary alloy is annealed at a 
temperature between the soli dus and liquidus, then quenched to room temperature. [69, 73] 
During quenching, the primary phase nuc1eates and grows inside the droplet, resulting in 
a noticeably delineated shape. Sorne of the primary phase may also precipitate elsewhere 
in the alloy during quenching. [69,73] In order to avoid this effect, it is suggested to quench 
the alloy from a temperature just above the eutectic nuc1eation temperature. 
The spherical shapes of entrained drop lets were found for the first time by 
Smith, [76] who worked with Cu-Pb, Cu-Zn-Pb, Cu-Bi and Al-Sn alloy systems. In the 
latter system, he found that tin was in the form of a continuous interdendritic network in 
the as-cast structure. However, annealing the alloy resulted in the formation of liquid 
droplets in the alloy morphology. In the other alloy systems, quenching from annealing 
temperatures also caused the formation of liquid drop lets having spherical shapes, as a 
result of the need to minimize their total interfacial free energy. 
Theoretically, when any condensed phase is in equilibrium with another phase; 
according to the Gibbs criterion, the total interfacial free energy ôGy, where ôGy = f ydA, 
will be the absolute minimum by finding the shape with minimum surface area per unit 
volume. The shape providing the minimum interfacial free energy is a sphere. However, 
if y is a function of orientation, the equilibrium shape will no longer be spherical, but will 
be determined by the crystallographic orientation of lowest energy. This change of shape 
from sphericity to any other kind of equilibrium shape due to the crystallographic 
orientation is caused by the anisotropy of interfacial free energy. [73] Detecting any 
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departure from sphericity may not be possible usmg certain metallographic and 
microscopie techniques. Therefore, even an obviously spherical shape might not be 
isotropie in terms of interfacial free energy. 
As seen in Figure 8.19, different types of equilibrium shapes are found in various 
alloy systems. Although it is difficult to detect the deviations from sphericity, the 
spherical shape found in the Al-Mg alloy containing strontium is very close to a perfect 
sphere, meaning its interfacial free energy is nearly isotropie. There are also sorne 
examples of shapes influenced by anisotropie interfacial free energy shown in Figures 7.6 
and 7.7. 
As mentioned earlier in Chapter 7, it was reported by Miller and Chadwick [73] 
that most zinc based alloys also contained liquid drop lets in their as-cast structure. In the 
present research, liquid drop lets were first found in the as-cast structure of Al-Mg alloys 
containing strontium, then in the microstructure of oxidized samples at different times, 
without annealing. It is proposed that these equilibrium shapes appear in the as-cast 
morphology due to the pre-heating of the thick graphite mold to 500°C prior to casting. 
Thus, the mold kept the cast metal at higher temperatures for longer times, resulting in an 
annealing effect on the alloy. This allowed the primary phase to form the equilibrium 
shapes and grow inside the drop let. The same effect may also be observed for the 
oxidized AI-Mg-Sr samples, which remained in the hot zone of the TGA fumace for 
several hours until they cooled down to room temperature. 
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Figure 8.19 Liquid droplets found in binary systems of Bi-Cd (a), Zb-Pb (b), Zn-Mg (c), 
Cd-Zn (d), Sb-Pb (e), Mg-Ni (f) [69] and Al-Mg alloy containing 
strontium (g). 
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When the microstructure of copper-mould cast and fast-cooled Al-l %Mg-500 Sr 
alloy was studied, it was found that the size and number of drop lets were much less than 
those observed in the as-cast structure of the same alloy cast in the graphite mold, as 
depicted in Figures 7.13, and 7.16. However, annealing these fast-cooled samples just 
below and above the eutectic temperatures (645 and 657°C) did not introduce more liquid 
droplets in the microstructure. On the contrary, when annealed for 1 hour at 645°C, the 
primary phase in the drop lets in Al-l % Mg alloy containing 500 ppm strontium seemed to 
coagulate, and after 5 hours they mostly disappeared probably due to the diffusion into 
the alloy structure. At 657°C, no spherical shape was found in the microstructure for both 
a one hour and 5 hour annealing time. Instead, sorne precipitation of the Sr-containing 
phase was observed at the grain boundaries, as shown in Figure 7.25. 
EPMA results on the microstructure of the liquid drop lets showed that the primary 
phase within the drop let interior contained Sr. Figure 8.20 illustrates the elemental 
mapping analysis of the drop let for strontium. It can be c1early seen that there is no 
strontium detected in the alloy background other than the equilibrium shape. 
The WDS analysis results did indicate that the Sr-rich phase was A4Sr. The 
atomic percentage ofaluminum was found to be 78.7% approximately, and strontium was 
around 21 %. Trace amounts of Si and Mg were also detected. It is believed that Si was 
present in the alloy due to the high silicon content of the 90AI-I0Sr master alloy. The 
presence of magnesium was linked with the high accelerating voltage (10 keV) of the 
WDS analysis, collecting the magnesium peaks from the base metal. 
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Figure 8.20 WDS Elemental mapping of strontium in liquid drop let via EPMA in the Al-
I %Mg-l 000 ppm alloy. 
9. CONCLUSIONS 
1. The total weight gains of Al-Mg alloys were found to be proportional to the 
magnesium content in the alloy. Breakaway oxidation is delayed by increasing the 
magnesium concentration from 0.5 to 1 %, due to the thicker MgO layer formed on 
the surface ofthe alloy, providing higher mechanical stability and protection. 
2. SEM, EDS and low-angle XRD analysis results revealed that spinel crystals are 
formed at the oxide-metal interface of the AI-0.5 and 1 % Mg alloys. The spinel 
phase is in the form of a thick layer in the AI-5% Mg alloy. Interrupted test results 
confirmed that the amount of spinel phase was greater in the AI-0.5% Mg alloy 
than in the AI-1 % Mg alloy, due to the greater thickness of the MgO layer. As a 
result, the diffusion path for the oxygen ions to reach to the oxide-metal interface 
is increased and fewer spinel crystals are formed in Al-1 % Mg alloy for the same 
exposure times. 
3. The formation and growth of spinel crystals is the main reason for the occurrence 
ofbreakaway oxidation, causing the failure ofthe first-formed MgO on AI-0.5 and 
1 % Mg alloys. In the case of Al-5% Mg alloy, the formation of gas porosity 
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beneath the MgO layer, caused by the high vapor pressure of magnesium allows 
breakaway oxidation to occur. 
4. For the AI-0.5 and 1 % Mg alloys, three different strontium additions (250, 500 
and 1000 ppm) reduced the oxidation by approximately 98%, and none of the 
stages of breakaway, linear and parabolic oxidation were observed, as a result of 
the formation of a protective oxide scale on the alloys. This protection was due to 
a Sr-rich liquid phase beneath the first formed MgO scale that resulted in the 
suppression of formation of spinel crystals. The MgO layer was the main oxide on 
the surface as a result of its slightly more negative free energy of formation. 
Therefore, strontium that diffused to the surface reacted with aluminum to form 
A14Sr at the oxide-metal interface while cooling to room temperature. The size, 
thickness and continuity of the A4Sr phase are increased by increasing the amount 
of strontium in the alloy. 
5. Unlike the previous studies on the oxidation behavior of different commercial 
alloys (A356, A357) containing strontium, no strontium was found in the oxide 
layer formed on AI-Mg-Sr alloys. The EDS analysis results revealed that the 
thickness ofMgO was higher for longer exposure times. 
6. In the case of AI-5% Mg alloy, strontium additions did not prevent breakaway, 
linear and parabolic oxidation due to the formation of Mg vapor. However, the 
total oxidation weight gain decreased due to the presence of strontium. It was not 
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possible to detect the AI4Sr, possibly because of the bubbling effect of magnesium 
at the oxide-metal interface, causing turbulence and dispersion ofthis phase. 
7. Spherical shapes are observed in both the as-cast and oxidized microstructure of 
Al-Mg alloys containing Sr. It is concluded that these spherical shapes are formed 
as a result of nucleation and growth of the Sr-rich phase inside the drop let during 
the slow cooling of the metal after casting. With faster cooling, the size and 
number of drop lets is smaller. Annealing the fast-cooled samples below and above 
the eutectic temperature did not introduce new equilibrium shapes, nor increase 
their size. At longer annealing times, most of liquid drop lets diffused into the 
alloy structure. 
Chapter 10 Suggestions for Future Work 189 
10. SUGGESTIONS FOR FUTURE WORK 
Although the mechanism of the effect of Sr on the oxidation behavior of synthetic 
Al-Mg alloys has been studied in this work, more experiments focusing on the 
commercial 5000 series alloys should be considered. In addition, the kinetics and 
microstructure of Al-Mg alloys should be examined at different temperatures, in order to 
obtain the Arrhenius plots of the oxidation rates and the activation energies for different 
alloys. 
Moreover, as is mentioned in Chapter 2, the humidity in the oxidizing 
environment has an effect on the oxidation kinetics and the morphology of the oxide layer 
formed on the surface. For that reason, experiments comparing the effect ofboth wet and 
dry atmospheres should be also conducted. Furthermore, sorne low-temperature tests 
designed to verify the formation of MgO by reduction of Ah03 could be carried out. The 
specific heat curve of Al-Mg alloys containing Sr can also be obtained using differential 
scanning calorimetry (DSC) to determine the nucleation temperature of liquid droplets. 
Finally, a large industrial scale oxidation experiment should be carried out to confirm the 
formation of Al4Sr phase beneath the MgO layer, suppressing the formation of spinel and 
Mg losses. 
11. CONTRIBUTION TO ORIGINAL KNOWLEDGE 
According to the author of this thesis, the main contributions to original knowledge are 
summarized as follows: 
For the tirst time, 
~ The effect of time and different additions of Sr on the oxidation of molten 
aluminum-magnesium alloys with various magnesium concentrations has been 
investigated. 
~ The oxidation kinetics of molten Al-Mg alloys containing 3 different amounts of Sr 
have been measured and the results have been compared to those of alloys 
containing no Sr at 750°C. 
~ It has been found that additions of Sr into the Al-Mg alloys change completely the 
oxidation mechanism by formation of a Sr enriched layer of liquid beneath the oxide 
scale, without changing the structure or composition of the tirst formed MgO layer, 
which was found on both Al-Mg alloys with or without Sr. 
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~ The tirst basic understanding of the effect of strontium on the oxide film formation 
of different molten aluminum-magnesium alloys has been provided. 
~ The formation of liquid droplets has been determined for the Al-Mg alloy system in 
the presence of Sr. 
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APPENDIXA 
Theoretical calculation of the thickness of Al4Sr layer, assuming that aIl the 
250 ppm strontium in the alloy goes all around the surface of the test specimen and reacts 
with aluminum to form AI4Sr: 
1. The simple density method: 
The weight of a test sample is approximately 24,8 grams 
24,8 gr x 0.025 = 0.62 g strontium in the sample. 
Theoretically calculated density of Al4Sr is 2.98 gr/cm3 [77] 
(4x27) g + (87.62) g = 195.62 g 
0.7642 g + 0.62 g = 1.3842 g 
Assuming that the diameter of the test sample is 2.8 cm and its thickness is 1.5 cm, the 
total surface area of the sample is: 25.5096 cm2, and the total volume of the Al4Sr layer 
all around the surface is: 25.5096 cm2 x h (thickness of the layer) 
2.98g 1.3842gr 
= 2 ~h = 0.0182086 cm ~ 182.086 Jlm. 
cm' 25.5096cm xh 
AppendixA 
2. Using the unit cell volume: 
. . axaxc 
The volume of a umt cell of Al4Sr lS: ---
2 
a : 0.446 nm = 4.46 A [78] 
c: 1.107 nm = 11.07 A [78] 
The volume of a unit cell of Al4Sr is: 110.1 A3 
to calculate number of moles for strontium: 0.62g = 7.076 x 10-3 mole 
87.62g / mole 
to calculate the total number of strontium atoms: 
7.076 X 10-3 x (6.2 X 1023 ) = 4.387 X 1021 atoms 
to calculate the total volume of AI4Sr: 
4.387 X 1021 x 110.1 A3 = 4.83 X 1023 A3 
h· k () Volume(cm') 4.83 x 1023 A' t lC ness cm = 2 
Area(cm) 25.5096 x 10 16 A 2 
thickness (cm) = 1893439 A = 189.349 /lm 
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Figure A-l. The crystal structure of AI4Sr. [78) 
1: Sr atoms 
2, 3: Al atoms 
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